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ABSTRACT 
LIPID BIOMARKERS OF BERING AND CHUKCHI SEA EUPHAUSIIDS  
AND THEIR APPLICATION TO DIET HISTORY 
 
 
Rachel L. Pleuthner 
Old Dominion University, 2019 
 Director: Dr. H. Rodger Harvey 
 
 In the eastern Bering Sea, Thysanoessa raschii are the most abundant krill species and a 
keystone trophic member that serve as both an important grazer and link to upper level consumers. In 
this system krill experience large annual variation in food resources, especially during ice advance and 
retreat; multiple lipid classes are used to temper the effects of those fluctuations, as well as to fuel 
reproduction and growth. Two shipboard feeding experiments that occurred during late spring and early 
summer of 2010, respectively, monitored the lipid retention in adult T. raschii and examined the 
fluctuation of specific lipid biomarkers under food-limited conditions. Retention of neutral and polar 
lipid hydrolysis products (e.g. sterols, hydrocarbons, and fatty acids) and bulk lipid classes were followed 
over the 19- and 31-day experiments using gas chromatography with various detectors and Iatroscan 
techniques, respectively. One potential marker for consumption of sediment detritus was also tracked in 
water column particles, surface sediment, and tissue of other crustaceans in both the Bering and 
Chukchi Seas. Finally, glycerophospholipids (GPL), as well as di- and triacylglycerols (referred to here as 
di- and triglycerides; DG and TG), were followed using tandem liquid chromatography mass 
spectrometry (LC-MSn) to gain detailed information about detailed fatty acid stereochemistry in the lipid 
subclasses. Polar lipids as phospholipids comprised the dominant lipid class of euphausiids throughout 
both experiments. Losses were seen in phospholipids, which appear to function in both structural 
integrity and for energy storage. Major sterols including cholest-5-en-3β-ol (cholesterol), 24-
methylcholest-5,22-dien-3β-ol (brassicasterol), and cholest-5,24-dien-3β-ol (desmosterol) comprised 98-
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99% of total sterol abundances in T. raschii with little variation during the experimental incubations, but 
small concentrations of the dinoflagellate derived sterol cholesta-5,7,22-trien-3β-ol, and a novel C28:8 
fatty acid, generally found in dinoflagellates and prymnesiophytes, indicated predation on smaller algae 
in summer by T. raschii in those periods when diatom abundances were low. Steroidal hydrocarbons (i.e. 
sterenes) were detected in sediments and known benthic-dwelling detritivores, but absent from water 
column particles. Additionally, detection of these detrital products in the neritic krill species T. raschii 
suggests detrital feeding as a mechanism for their winter survival.  Among intact molecules, fatty acids 
were largely represented by six structures – C14:0, C16:0, C16:1, C18:1, C20:5, C22:6 – with most 
present as mixed acyl groups within each intact lipid class.  Across the combinations of fatty acids within 
the intact lipids, most contained mixed moieties as fatty acids with differing degrees of unsaturation 
which has implications for temperature tolerance and buoyancy of animals as they adapt to varied and 
changing environmental conditions. 
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CHAPTER 1 
 
INTRODUCTION 
 Euphausiids are an essential link in the sub-Arctic food web. Thysanoessa raschii, in particular, is 
of interest as it is the most abundant species in the neritic waters of the eastern Bering Sea (Bi et al, 
2015). Numbering among their predators are seals, sea birds, squid, and whales. As a preferred prey 
item for juvenile Pollock, the health of this krill population and nutritional quality are important for the 
fisheries industry (Smith, 1991). The lifecycle of T. raschii in the eastern Bering Sea revolves around the 
spring bloom that generally begins sometime in April. Reproductively-active adults acquire large energy 
reserves from lipid-rich ice algae, which serves to fuel reproduction (Paul et al., 1990). Mating commonly 
occurring in April, with egg release in May; from there, hatching may take 5-7 days (Ross and Quetin, 
2000; Paul et al., 1990). Krill may not transition from the nauplii stages, which do not eat, into the 
calyptope stages, which are able to graze on small diatoms, until after the spring bloom. Juveniles and 
adults rely on the summer algal bloom, consisting of pelagic diatoms and smaller algae, for growth and 
lipid storage. 
 As the Thysanoessa species mature, their diet become more diverse. Thysanoessa raschii have 
been known to consume various types of algae - diatoms, dinoflagellates, etc. - and are thought to 
consume other krill and small zooplankton, as well. Throughout the summer and early autumn seasons, 
with the summer bloom as a large contributor, krill begin to accumulate lipid for the period food scarcity 
brought on by the winter season. Little is known about how polar and sub-polar krill overwinter due, in 
part, to the difficulty in accessing these regions. Falk-Petersen et al. (2000), however, predicted that the 
energy reserves accumulated by krill in the seasons prior are not sufficient for their survival, as a sole 
source. As winter progresses into spring, the ice begins to melt, and the next spring bloom begins. 
   2 
 
 Determining the components of euphausiid diet is challenging. Grazing experiments require 
extensive algae identification and time-intensive enumeration. Alternatively, some have looked to 
chemical markers that can be tracked through the food web - fatty acid and sterol biomarkers - to tease 
apart the various contributors to diet history. Lipids from water column particle sample and krill can be 
extracted, hydrolyzed, and partitioned into two types of chemical markers: neutral lipids (to which 
sterols belong) and polar lipids (to which fatty acids belong). While sterols and fatty acids cannot be 
linked to one specific algal species, they can be used to identify a general algal source (e.g. diatoms). Krill 
provide a crucial link in the trophic chain and tracking these markers from their algal sources. 
Additionally, little information on the rate of metabolism and/or conversion of these biomarkers is 
available. For example, crustaceans are not able to synthesize their own cholesterol (5α-cholestan-3β-
ol); they need to obtain it directly from dietary sources or convert other sterols into cholesterol. The 
metabolic rates at which euphausiids convert dietary markers to cholesterol, which is the most 
abundant sterol in Arctic and sub-Arctic krill, are unknown. 
 With the advent of liquid tandem mass spectrometry, information regarding the ordered 
structures of intact phospholipids (PL) and triglycerides (TG), which bind most of the fatty acids, is now 
accessible through isolation and fragmentation of these parent compounds. It is understood that some 
lipid classes are preferentially accessed for different biological functions. With this instrumentation, one 
can efficiently establish whether fatty acids are relegated to a specific lipid class or subclass, and then 
determine if distribution shifts during periods of fasting. Fatty acid regiospecificity as the position of 
each fatty acid along the TG and PL backbones, can provide starting points for fatty acid exchange and 
whether their positions change during periods of starvation. Additionally, one could compare the 
distribution of fatty acids within classes and their regiospecificity among krill located at different areas in 
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the Bering Sea. In this research, krill from two stations in the Bering Sea during the 2010 spring/summer 
seasons were compared, with the differences in biology noted as potential variables. 
 My thesis centers on using lipids as dietary markers of feeding in euphausiids and how they 
might help track nutritional status.  In Chapter 2, the retention of total lipid is quantified during a long 
term pulsed feeding experiment to see how T. raschii lipid changes during the course of the 19- and 31-
day trials. This has implications for T. raschii’s overwintering abilities. Additionally, the relative 
abundance of sterols and fatty acids are examined to see how they change throughout the same period, 
and obtain a sense of over what time scale they might be useful as indicators of diet history. 
 In Chapter 3, intact lipids of the pulsed feeding experiments addressed in Chapter 2 are analyzed 
using recent advances in mass spectrometry to determine which intact lipid moieties are most 
abundant, and perhaps, to determine which of those lipids are involved in lipid storage and 
reproduction. Incorporation of sophisticated analytical techniques can significantly enhance current 
biomarker information to allow a better understanding of the role that compounds from various food 
sources play in the reproductive and survival strategies of Bering Sea krill. Chapter 4 provides chemical 
evidence from T. raschii and T. inermis; water column particles; snow crabs; and sediment detritus to 
support an alternative feeding strategy for T. raschii during periods of food scarcity. It suggests that 
cholesta-3,5-diene, a sterene, indicates feeding on sediment detrital matter. Direct evidence of detrital 
feeding could provide one mechanism by which T. raschii survive the long overwintering period.  
 Most of this thesis work was performed in the eastern Bering Sea off of the coast of Alaska. 
Characterized by a shallow shelf (50 - 200 m) with a gentle slope tapering down into deeper basins (3000 
- 4000 m), this region of the northern Pacific is very biologically productive region with a swath of it 
commonly referred to as the Green Belt. Work extended into the Arctic for a subset of this project. 
Samples were taken in the Hanna Shoal area of the Chukchi Sea and the western edge of Barrow Canyon 
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region of the Arctic. The Chukchi Sea is shallow, with the shallowest part being around the apex of the 
shoal; the sediment in that area is mainly derived of clay or sand. The area of Barrow Canyon accessed 
was no more than 150 m deep.  
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CHAPTER 2 
 
LIPID MARKERS OF DIET HISTORY AND THEIR RETENTION DURING EXPERIMENTAL 
STARVATION IN THE BERING SEA EUPHAUSIID THYSANOESSA RASCHII 
 
PREFACE 
 The content of this chapter is reprinted with permission from Pleuthner, R.L., Shaw, C.T., Schatz, 
M.J., Lessard, E.J., Harvey, H.R., 2016. Lipid markers of diet history and their retention during 
experimental starvation in the Bering Sea euphausiid Thysanoessa raschii. Deep-Sea Res. Pt II. 134, 190-
203. Copyright 2015. Elsevier. The manuscript can be found online at 
https://doi.org/10.1016/j.dsr2.2015.08.003 (Creative Commons CC-BY-NC- ND per Elsevier) 
 
ABSTRACT 
 Two extended pulsed feeding experiments, following the spring bloom period, investigated 
lipid retention in the prominent Bering Sea euphausiid (krill) Thysanoessa raschii. These 
experiments occurred during late spring and early summer of 2010. Concurrent taxonomic 
analysis of the natural algal community allowed prey type to be linked to lipid composition of 
the natural communities. In late spring, experimental periods of feeding followed by starvation 
showed an overall decrease in total lipid for T. raschii. In early summer, no consistent trend was 
observed for total lipid with the visible presence of storage lipid in some animals. Polar lipids, as 
phospholipids, were the dominant krill lipid class in both experiments constituting ≥ 88% of total 
lipid, and triacylglycerols reached a maximum of 5% of total lipid. The sterols cholesterol and 
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brassicasterol + desmosterol comprised 98–99% of total sterol abundances in T. raschii 
throughout both experiments, even after feeding periods when alternative sterols (i.e. the algal 
sterol 24-methylenecholesterol) accounted for up to 39% of sterols in potential food particles. 
Cholesterol abundance and concentration increased during both incubations, likely due to the 
metabolism of dietary sterols. Major fatty acids observed in krill included C14:0n, C16:0n, C16:1(n-
7), C18:1(n-7), C18:1(n-9), C20:5(n-3), and C22:6(n-3) with the diatom-attributed C16:1(n-7) 
decreasing in abundance and concentration during starvation. Low concentrations of the 
dinoflagellate-derived sterol and a novel C28:8 PUFA, typically found in dinoflagellates and 
prymnesiophytes, indicated predation on smaller algae in early summer when diatom abundances 
were low. The stability of lipid distributions over periods of starvation and intermittent feeding 
suggest that fatty acid and sterol biomarkers present in this polar euphausiid principally reflect 
long-term diet history rather than short-term feeding episodes. 
 
INTRODUCTION 
 Thysanoessa raschii are the most prominent euphausiid (also called krill) in the Bering 
Sea. Neritic and omnivorous, they typically reside in shallower and less saline waters (32.0–32.4) 
as compared to the other major regional krill, e.g. Thysanoessa inermis, and are widely 
distributed along the Bering Sea shelf (Pinchuk and Coyle, 2008; Bi et al., 2015). As such, T. raschii 
play a key role in the sub-Arctic food web, particularly as prey for juvenile pollock, marine 
seabirds, and other higher trophic organisms (Smith, 1991; Adams et al., 2007). Understanding how 
these krill adapt to seasonal changes in food concentrations in the Bering Sea, and how they 
utilize stored energy, can provide important insights into its quality as a food source for these 
predators and overwintering capabilities. 
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 It is generally recognized that T. raschii progressively accumulate lipid from early spring 
through late autumn (Falk-Petersen, 1981; Falk-Petersen et al., 1981) however, little information is 
available that addresses the longer-term changes in lipid concentration and distribution in T. raschii 
in response to a varied food supply. Specific lipid biomarkers have the potential to track dietary history 
through periods of feeding and starvation, but temporal information on their retention is critical. 
While few specific sterols or fatty acids can be solely linked to one algal group, multiple markers 
present among different algal groups can be used to discern feeding history (e.g. Volkman, 1986). 
 Here we report the results of two T. raschii experimental incubations of short-term (i.e. 
pulsed)   feeding   followed   by   starvation   using   natural communities present in late spring and 
early summer. These incubations examined (1) the effects of starvation on T. raschii total lipid 
and lipid class composition over time and (2) the relative change among individual sterol and 
fatty acid biomarkers present in krill diets after a pulse of food from a natural algal community. 
The overall goals were to link lipid biomarker distributions in krill to their natural diet and to 
determine how these distributions change during periods of starvation. To our knowledge, this is 
the first incubation experiment to examine lipid response in sub-Arctic krill using natural 
phytoplankton and protozooplankton communities followed by extended starvation under near 
natural conditions. 
 
EXPERIMENTAL 
Sampling and experimental design 
Two T. raschii pulsed-feeding starvation and experiments were conducted in late spring (LSp) 
and early summer (ESu), 2010, using krill from two sites on the Bering Sea shelf (Figure 1; Table 1) 
during two consecutive research cruises as part of the Bering Sea Project (see Harvey and Sigler,  
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Figure 1: Stations sampled for late spring (LSp) and early summer (ESu) pulsed-feeding experiments 
(map from ETOPO1). Locations at which T. raschii and water column particle samples were collected for 
the initiation of each experiment (-I); locations at which whole water was collected for feeding pulses 
and particle samples (-P). 
 
 
 
 
 
 
 
2013). Krill were collected using a 60 cm Bongo net with black 333 μm mesh and solid cod ends, 
towed obliquely at night to catch animals in good condition during active periods of feeding. Seawater 
was collected from rosette-mounted Niskin bottles at the krill collection station and one additional 
station during each cruise for the food pulse in each experiment (four stations, in total). Both T. 
raschii experiments adhered to a similar design (Figure 2).  
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Table 1: Summary information for the four sites used for animal and particles incubation experiments. 
Chl refers to surface chlorophyll. POC and PN numbers correspond to measurements taken at the 
particle collection depths. 
 
 Sampling Stations 
Particle Sample Name LSp-I LSp-P ESu-I ESu-P 
Cruise Name TN249 TN249 TN250 TN250 
Date 6/1/2010 6/8/2010 6/20/2010 6/25/2010 
Station Name, No. 70M16, 111 EV-7, 168 CN-6, 19 NP-8, 46 
Latitude (°) 57.5001 59.6867 56.8921 57.6650 
Longitude (°) 167.6651 177.2954 164.0591 169.5217 
Station Depth (m) 72 185 122 71 
Tow Depth (m) 46 N/A 57 N/A 
Particle Collection Depth 
(m) 
20 23 30 23 
Temp (°C) -0.9 0.1 3.0 2.1 
Chl (μg/L) 5.52 4.41 0.74 3.99 
POC, n=2 (μg/L) 286 ± 5 287 ± 16 170 ± 97 659 ± 75 
PN, n=2 (μg/L) 60 ± 1 56 ± 3 44 ± 22 131 ± 23 
POC/PN 4.77 5.13 3.86 5.03 
 
 
 
 
Figure 2: Experimental scheme for both krill incubations. Day x (y) indicates the days on which the krill 
were subsampled where x corresponds to the late spring experiment and (y) to the early summer 
experiment. The removal of krill for each subsample is indicated by the downward arrow to the krill time 
point. Shaded box indicated the addition of the water column food pulse. 
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 Healthy, actively swimming individual T. raschii with no visible damage were gently placed in 
filtered sea water (FSW) immediately after collection. Krill were transferred into a 10 L carboy filled 
with FSW, placed in a temperature-controlled incubator (5 °C), and allowed to clear their guts for 24 h. 
After 24 h, the krill first subset (T0) was removed by pouring water from the carboy until the ten krill 
were obtained, and they were frozen at - 80 °C; the remaining T. raschii were starved for an additional 
five to six days. A second subset of six or eight krill were then frozen; the remaining animals were 
transferred into a carboy containing unfiltered Bering Sea water collected at the chlorophyll maximum 
from the food pulse stations and allowed to feed. Following a three-day feeding period, a third 
subset of three krill was frozen, and the remaining animals were transferred into a carboy containing 
fresh FSW. This group of animals was maintained in FSW and subsampled three more times (three or 
four more krill per time point) during the subsequent three week (late spring experiment) or two week 
(early summer experiment) starvation incubations. A total of six subsets of animals were collected 
and sacrificed over the course of each incubation. This amounted to 30 and 32 animals analyzed for 
the late spring and early summer, respectively. Each time point is referred to by the experiment's 
abbreviation (either LSp or ESu) followed by a hyphen and the time point (e.g. LSp-T0). At each time 
point, total length (TL) was measured for individual krill, observations on life stage and reproductive 
state were recorded, and animals composited and frozen at -80 °C. It is possible that a small percentage 
of the animal's original wet weight was lost during the freezing process due to water exclusion. For 
information regarding krill sub-samples from each experiment, refer to Appendix A. 
 Seawater was collected at or near the chlorophyll max for all four stations using Niskin bottles; 
it was subsampled for chlorophyll, algal cell enumeration and identification, lipid analysis, and 
particulate organic carbon and particulate nitrogen (POC/PN) measurements. Seawater subsampled for 
lipids, hereafter referred to as water column particles, was filtered onto pre-combusted 47 mm GF/F 
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filters and stored at -80 °C until processing at the lab. Any visible zooplanktonwere removed from 
the filter prior to freezing. For the late spring experiment, the krill and seawater were collected at 
station 111, and the seawater for the food pulse collected from station 168; the water column 
particle samples collected from these locations will hereafter be referred to as LSp-I (late spring, 
initial) and LSp-P (late spring, food pulse). Similarly, for the early summer experiment, T. raschii and 
plankton were collected from station 19 and fed with communities from station 46; the water 
column samples will be referred to as ESu-I (early summer, initial) and ESu-P (early summer, food 
pulse), respectively (Figure 1). 
 
Lipid extraction and analyses 
 Composited krill, collected at each experimental time point, were weighed and extracted 
wet via microwave-assisted solvent extraction (MASE; MARS-5 system) with 2:1 
dichloromethane: methanol (DCM:MeOH) (see Harvey et al., 2012 and references therein). 
Resulting total lipid extract (TLE) was filtered through combusted, solvent-rinsed glass wool to 
remove particulates; evaporated to dryness; and redissolved in the original 2:1 DCM: MeOH 
solvent mixture. For krill samples, the TLE was split to accommodate total lipid and lipid class 
analysis, as well as hydrolysis for individual markers. Base hydrolysis of total lipid used 0.1 N KOH 
with 5α-cholestane and C19:0n fatty acid serving as the internal standards for the neutral and polar 
fractions, respectively. Water column particles, which include both living (algal) and non-living detritus, 
were similarly extracted. The entirety of the particle extract was hydrolyzed and used to measure 
individual markers. 
 Analysis of total lipid and lipid classes followed methods of Harvey et al. (2012), with an 
Iatroscan MK-V TLC-FID instrument with Agilent (ChemStation) integration and quantification. Lipid 
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standards (Sigma Aldrich, Co.) – including dipalmitoylphosphatidylcholine (for polar lipids; PL), 
cholesterol (for sterols; ST), C19:0n fatty acid (for free fatty acids; FFA), glyceryl trioleate (for 
triacylglycerols; TAG), and palmityl stearate (for wax esters; WE) – were run in parallel and used to 
generate response curves to determine concentration. 
 Following base hydrolysis of total lipid, neutral lipids were partitioned with 9:1 
hexane:diethylether. Following acidification with concentrated aqueous hydrochloric acid (HCl 
(aq)), polar fatty acids were similarly partitioned. Neutral components were derivatized using 
BSTFA to form their trimethylsilyl (TMS) products, and fatty acids were converted into their 
corresponding methyl esters using boron trifluoride (10% in methanol). Both fractions were 
quantified with an Agilent 6890N gas chromatograph with flame ionization detector (GC-FID) and 
identified with an Agilent 6890A gas chromatograph coupled to an Agilent 5973 mass 
spectrometer (GC–MS). Both instruments utilized a 60 m DB5-MS column. Chromatographic 
details are described in detail in Belicka et al. (2002), with an inlet temperature of 250 °C. Neutral 
lipids were analyzed in detail; however, for brevity, most individual components were categorized 
and summed as total alcohols, sterols, tocopherols, wax esters, or glycerol monoethers. For 
identification of double bond positions of fatty acids in krill, a portion of fatty acids were 
converted to picolinyl esters (Destaillats and Angers, 2002) to provide confirmatory fragmentation 
information. Polyunsaturated fatty acids and fatty acids in low concentration were also validated by 
comparison of retention time and mass spectra of a 52-component   fatty   acid   methyl   ester   
standard   (Nu-Chek Prep, Inc.). 
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Particulate organic carbon and particulate nitrogen 
 Water column samples for POC/PN were filtered through pre- combusted 25 mm GF/F filters 
and frozen at -80 °C. Filters were thawed, acidified drop-wise with HCl (aq) for an hour in a clean 
desiccator, and transferred to a 60 °C oven to dry. Samples were repackaged in combusted foil 
packets for analysis by standard methods (Harvey et al., 2012).  
 
Autotrophic and heterotrophic plankton abundance and biomass 
 The community taxonomy, size, and trophic composition of microplankton assemblages 
present where the krill were isolated and in food pulse additions were analyzed to determine the 
effect of prey type and quantity on the chemical composition of T. raschii. Results here, as well as 
results from other grazing experiments, suggest that T. raschii do not consume prey < 5 mm in size 
(Agersted et al., 2011; Lessard, unpublished data). Picoplankton (eukaryotes and cyanobacteria) 
and some portion of the nanoflagellates (those < 5 mm) are probably not part of the prey field 
available to krill; nevertheless, they do contribute to the particulate lipid pool and have been 
included here for completeness. 
 Samples for autotrophic and heterotrophic plankton identification, enumeration and sizing 
were collected with Niskin bottles and preserved with either acid Lugol's (5% final concentration) 
or with glutaraldehyde (0.5% final concentration). Glutaraldehye fixed samples were stained 
with DAPI and proflavine, and then filtered onto 0.8 μm or 0.2 μm black polycarbonate 
membrane filters (Lessard and Murrell, 1996). Slides were stored frozen until analysis onshore. 
Live samples were obtained at station LSp-I and analyzed with a benchtop FlowCAM (Fluid Imaging 
Technologies, Yarmouth, ME) running IMS software to image live plankton samples for semi- 
quantitative assessments of the > 5 μm plankton community. Samples were gently drawn 
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through 1.4 mm silicone tubing and a 2 mm x 0.1 mm flow cell with a peristaltic pump at a flow rate 
of 1 mL/min for 10 min. Images were collected in the fluorescence/ scatter trigger mode using a 
10 x objective. 
 
Microscope counts 
 Known volumes of Lugol's preserved samples were settled in counting chambers and 
examined with a Zeiss inverted microscope at 400 x magnification for diatoms, ciliates and 
dinoflagellates >40 μm. Glutaraldehyde preserved samples were examined with a Zeiss standard 
epifluorescence microscope. Slides with 0.8 μm filters were observed at 500 x magnification for 
all other dinoflagellates and flagellates >10 μm. Slides with 0.2 μm filter were examined at 1250 x 
magnification for cyanobacteria, picoeukaryotes and nanoflagellates. Autotrophs and heterotrophs 
were differentiated based on chlorophyll fluorescence. 
 
Biomass estimation 
 Picoplankton (cyanobacteria and picoeukaryotes) were sized using images taken with a 
QImaging Retiga EX charged couple device (CCD) camera and Image Pro Plus software. 
Measurements of all other cells were determined using a computer aided digitizing system (Roff 
and Hopcroft, 1986). Cell volumes were calculated using geometric equations. Carbon was 
calculated using the carbon to volume equations of Menden-Deuer and Lessard (2000) for 
diatoms, dinoflagellates and nanoplankton; the equations of Worden et al. (2004) were similarly 
used to calculate carbon for picoplankton. 
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Statistical analyses 
 Non-parametric tests were used to compare T. raschii biomarkers to those of their food 
using Primer v5 software. A series of group cluster and multi-dimensional scaling (MDS) analyses 
were run using Bray–Curtis dissimilarity. Cluster analysis results were incorporated into the MDS 
plots to show groupings at the 30% dissimilarity level for sterols and fatty acids or the 20% 
dissimilarity level for total lipids. To compare the late spring and early summer krill, the wet weight 
concentrations of lipid classes were analyzed after a square root transformation. For sterols and fatty 
acids, each analysis utilized the relative abundance of markers to directly compare water column 
particles to krill subsamples with no transformation. Due to the differing metabolic functions of 
sterols and fatty acids, the two categories of biomarkers were analyzed separately. Similarity 
percentage analysis (SIMPER) was used to determine the neutral and polar lipid components that 
differentiated krill from the water column samples in the data sets (70% cut-off). This cutoff was chosen 
because it included a majority of the overall abundance without including a large number of fatty acids 
that made little contribution to the overall total. Fatty acids and sterols were, again, analyzed 
separately. 
 
RESULTS 
Autotrophic and heterotrophic microplankton community structure 
 The abundance and estimated carbon biomass in each of five autotrophic categories 
(diatoms, dinoflagellates, nanoflagellates, picoeukaryotes and cyanobacteria) and three heterotrophic 
protist categories (dinoflagellates, ciliates and nanoflagellates) were counted and calculated for 
stations LSp-P, ESu-I, and ESu-P (Table 2). Despite the relatively short time difference of several 
weeks, the two experimental incubations began under differing conditions. Ice had recently retreated at 
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the late spring LSp-I station, the water was cold (- 0.9 °C), and the phytoplankton community was 
characterized by ice-associated diatoms. By early summer, at ESu-I, the southeastern shelf system had 
transitioned to summer conditions and was dominated by small, non-diatom autotrophs and 
heterotrophic protists.  
 
Late spring initial and food pulse microplankton 
  FlowCAM data showed that the surface algae at station LSp-I, where krill for the late spring 
experiment were collected, was dominated by ice-associated chain forming pennate diatoms 
(Fragillariopsis sp.) and the centric diatom, Thalassiosira sp.; Pseudo-nitzschia sp., Chaetoceros 
sp., and Entomoneis sp., were also present. Autotrophic and heterotrophic dinoflagellates and 
ciliates were rare.  
 At the food pulse station LSp-P, pelagic centric diatoms dominated the autotrophic biomass 
(Table 2). Chaetoceros socialis, the most abundant and largest phytoplankton biomass 
component (38% of total autotrophic biomass), was followed by the larger, but less numerous 
Thalassiosira sp. (26% of autotrophic biomass). Cyanobacteria were absent, but picoeukaryotes 
were present in low abundances. At this stage in the spring bloom, the heterotrophic protist 
grazers were relatively low in abundance and biomass (21% of the total carbon biomass); 
dinoflagellates and ciliates dominated the heterotrophic biomass (Table 2). 
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Early summer initial and food pulse microplankton composition 
 At station ESu-I, where the early summer experimental krill were collected, heterotrophic 
nanoflagellates dominated the plankton biomass. Heterotrophic and autotrophic nanoflagellate 
abundances were similar, but the heterotrophic nanoflagellates contributed the most biomass 
(49.5% of the total) due to their larger average size. The autotrophic flagellates included 
cryptophytes and the prymnesiophyte, Phaeocystis pouchetii. This station also had the lowest 
diatom abundance and biomass of the sampled stations, but the greatest abundance of 
heterotrophs of all stations (63% of the total). Picoeukaryotes and cyanobacteria were present in 
low numbers and contributed very little to total biomass. 
 The early summer food pulse station ESu-P was located in a diatom bloom dominated by 
Chaeotoceros spp. While other autotrophs were present (picoeukaryotes were in relatively high 
abundance at ~ 3000 mL/L), the diatoms made up 95% of the autotrophic biomass, and 60% of the 
total biomass. Heterotrophs only contributed 40% of the biomass at station ESu-P; however, of the 
three stations for which quantitative data was available, this station was characterized by the highest 
heterotrophic biomass (52 mg C/L), comprising large-sized heterotrophic dinoflagellates and ciliates, as 
well as nanoflagellates. 
 
Characteristics of the experimental krill 
 The range of krill total lengths was similar for both experiments (17–26 mm), but the late 
spring experiment tended toward the 18–20 mm range (avg. 19.75 mm) while the slightly larger 
early summer animals (avg. 22.71 mm) were generally in the 21–23 mm range (Appendix A). All krill 
in both incubations were adults. In the late spring experiment, 53% of the krill showed evidence 
of reproductive activity, with developing ovaries and spermatophores in the females and 
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developed sperm glands in the males. None of the females used for lipid analysis were carrying 
broods of mature eggs. Average total length of krill increased slightly between the initial collection and 
first subsample, but decreased slightly (an average of 0.09 mm/d) at each subsequent time point. In 
the early summer experiment there was no evidence of reproductive activity, but 28% of the animals 
had visible accumulation of clear lipids under the carapace, including the animals removed after the 
feeding pulse and all animals from the last two subsamples. Average total length increased between 
the initial collection and first subsample, decreased for the next two subsamples (an average of 0.3 
mm/d), then increased for the last two subsamples (an average of 0.16 mm/d). 
 
The lipid response by T. raschii 
 Total lipid concentrations (mg lipid/g wet weight) in bulk krill composites showed different 
patterns between late spring and summer feeding and starvation regimes (Figure 3A). Late spring krill 
showed a 58% decrease in total lipid concentration between the beginning and end of the 31-day 
experiment. Early summer krill did not show any consistent increases or decreases in total lipid during 
the experiment regardless of the lipid metric. Both late spring and early summer krill showed an 
increase in lipid stores after the three-day feeding period, as compared to the previous s a m p l i n g  
time with a much larger increase seen in the early summer incubations. After the T2 time, individuals in 
both experiments showed an overall decrease in total lipid at the final (Tf) time. 
 The abundance of the five major lipid classes in T. raschii varied little between experiments 
(Figure 3B). Phospholipids (PL) remained the dominant class throughout, accounting for 90–94% of T. 
raschii lipids over the late spring and 89–96% of early summer incubations. The greatest increase in PL 
abundance occurred in early summer animals after the three-day grazing period. In contrast, no 
differences in lipid class abundance were seen for late spring animals fed under nearly identical  
20 
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conditions. Triacylglycerol (TAG), often considered to be the major storage lipid in T. raschii, was in low 
abundance relative to polar lipid, but was higher in larger, early summer animals than in the smaller, 
late spring krill (1.7 – 4.9% and 1.1 – 1.9%, respectively). Average free fatty acids were low (4.9%), but 
often greater than average TAG abundances (2.3%) in late spring krill. Wax esters, a minor storage lipid 
for T. raschii, averaged 1.1% (late spring) and 1.5% (early summer). Sterol abundances varied little 
between experiments (0.65% and 0.71%), which likely reflects their largely structural role in krill 
membranes. 
 
Neutral lipid composition 
 Total neutral lipid concentrations, and relative abundances as a percent of total neutral lipids, 
were calculated for alcohols, sterols, tocopherols, waxes, and glycerol monoethers for all samples 
over both experimental incubations (Table 3). The dominant alcohol among all samples was phytol (92–
97% of all alcohols), which increased in relative abundance in krill after feeding in both experiments 
(Table 3). Other alcohols that contributed at least 1% of the total alcohol content in samples 
included C20:1 (0.5–2.5%) and C22:1 (0.8–3%), which displayed no discernible trend over time. 
Glycerol monoethers (GME), or monoalkyl glycerol ethers, were in low abundance in both animal 
and particle compartments (Table 3). Two tocopherols were observed in krill at all experimental 
times: α-tocopherol (vitamin E) and a tocomonoenol called marine-derived tocopherol (MDT). In 
both experiments, α-tocopherol represented 97–99% of tocopherols, and MDT comprised 
another 0.8–2.9% (late spring) to 0.4–1.2% (early summer). The only tocopherol observed in 
water column particles was α-tocopherol, which was present in trace quantities (< 0.1% neutral 
lipids). For brevity, all tocopherols have been summed and shown in Table 3.  
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 The relative abundances of sterols in krill and water column particles were measured for the late 
spring (Table 4) and early summer (Table 5) experiments.  Six sterols comprised >80% of particle sample 
sterols at each of the four stations: 24-Norcholesta-5,22-dien-3β-ol (24-norsterol); Cholesta-5,22-
dien-3β-ol (22-dehydrocholesterol); Cholesta-5-en-3β-ol (cholesterol); 24-Methyl- cholesta-5,24(28)-
dien-3β-ol (24-methylenecholesterol); and the coeluting Choelsta-5,24-dien-3β-ol (demosterol) + 24-
Methylcholesta-5,22-dien-3β-ol (brassicasterol). In krill, brassicasterol was in low abundance or absent. 
Of these sterols, SIMPER analysis revealed cholesterol, 24-methylenecholesterol, and the combined 
desmosterol + brassicasterol were the most prominent contributors to differences among krill and 
water column particles. 
 Water column particle samples at both late spring stations LSp-I and LSp-P were dominated 
by the diatom derived sterols 24-methylenecholesterol (28.1% and 39%, respectively), followed 
by desmosterol + brassicasterol (26.1% and 17.4%). Together with cholesterol (10.2% for LSp-I and 
13.8% for LSp-P) and 24-norsterol (11.8% and 9.8%), those four sterols alone were responsible for 
76.2% and 80% of total sterols (Table 4). At the heterotroph-dominated early summer station ESu-I, 
cholesterol was the primary sterol, followed by brassicasterol + desmosterol (Table 5). Cholesta-
5,22-dien-3β-ol and 24-norsterol each contributed over 10% of the total sterols. The primary sterols 
found in ESu-P were the same as the two late spring stations; cholesterol abundance was 
approximately 2 x higher than at LSp-I and LSp-P, and the combined brassicasterol + desmosterol 
about 2 x lower in abundance. 
 For all T. raschii subsamples, cholesterol and the combined brassicasterol + desmosterol 
were the most abundant sterols throughout the late spring experiment, comprising 98–99% of all 
sterols (Tables 4 and 5). Dietary phytosterols decreased in abundance during starvation, with an  
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increase in cholesterol and 5α-cholestan-3β-ol (cholestanol) occurred. Cholest-5,7-dien-3β-ol (7-
dehydrocholesterol) also increased in abundance over time. 
 
Fatty acids 
 Among the large suite of observed fatty acids, major groups defined as saturated fatty 
acids (SFA), monounsaturates (MUFA) and polyunsaturates (PUFA) varied in particle samples 
reflecting the composition of the plankton community present at each station (Figure 4; Appendices 
B and C). In contrast, fatty acid abundance and distribution in T. raschii remained relatively stable 
throughout both starvation experiments (Figure 4). Relative percentages of SFA, MUFA, and PUFA (as % 
SFA/%MUFA/% PUFA) for late spring krill averaged 30.6/39.6/29.8 over the entirety of the 
experiment (31/41/28 at the beginning; 33/36/31 at the end). Average abundances shifted only 
slightly in early summer krill with relative abundances of SFAs increasing and PUFAs decreasing 
(37.3/38.3/24.4), with starting ratios of 37/39/24 and ending at 37/38/25. In particles collected by 
filtration, station LSp-I, the ice diatom station, ratios were 28.5/24.7/46.8, reflecting the high 
abundance of PUFAs, specifically C20:5(n-3) and C22:6(n-3). The two stations with high Chaetoceros 
abundances, LSp-P and ESu-P had ratios of 32.1/43.4/24.5 and 42.5/45.7/11.8, respectively. The 
heterotroph-dominated station LSu-I came in at 29/49/22. 
 A suite of seven fatty acids comprised the majority of total fatty acids in all krill and most 
particle samples: C14:0n, C16:0n, C16:1 (n-7), C18:1(n-7), C18:1(n-9), C20:5(n-3), and C22:6(n-3) 
(Figure 4). These fatty acids comprised 91.3% of the total fatty acids at the beginning of the late 
spring experiment, decreasing to 88.4% at the end of the experimental period. A similar trend was 
seen in summer (87.9% at the start of the early summer incubation and 86.1% at the conclusion). 
SIMPER analyses revealed that these seven fatty acids were responsible for the dissimilarity 
 
27 
 
Figure 4: Fatty acid relative abundance in krill and particle samples throughout each feeding experiment. 
Particle columns are noted by their sampling station name; krill are indicated by the numeric day they 
were sampled. Fatty acids present at <5% in krill are excluded for brevity. Pie charts above each bar 
indicate the percentage of SFA (white), MUFA (black), and PUFA (gray) of total FA in each sample. Note: 
C18:4(n-3) accounted for 6% of FA at LSp-I, but was ≤2% in all other krill and particle samples, and was 
therefore excluded from the graph. *Krill after three days of grazing on water column (WC) particle 
additions. 
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between krill and particle samples. The heterotroph-dominated station ESu-I, maintained the highest 
relative abundances of C14:0n and C16:1(n-7) fatty acids of the four particle samples at 10% and 44%. 
Interestingly, the abundances of C20:5(n-3) and C22:6(n-3) at ESu- I were similar to those at diatom-
dominated station LSp-P (10% and 2% versus 10% and 3%, respectively). Chaetoceros fatty acids 
(C14:0, C16:0, and C16:1(n-7)) become more prominent at the late June food pulse, station ESu-P, 
and Chaetoceros also account for even more of the estimated carbon than they did at station LSp-P 
(Table 2). The highest C20:5(n-3) and C22:6(n-3) PUFA abundances at 14.3% and 12.8%, respectively, 
occurred at the ice diatom station LSp-I. By comparison, the next highest abundances for those PUFAs 
occurred at LSp-P with 10.4% and 3%, respectively. 
While the relative abundances of most individual fatty acids did not change more than 3% 
between the initial and final time points for either T. raschii experimental incubation, the C16:1(n-7) fatty 
acid decreased over 8% between the beginning and end of the late spring experiment. The two SFAs 
(C14:0n and C16:0n) and C18:1(n-9) were more abundant in the larger, early summer krill than the 
smaller, early spring krill averaging 7%, 26%, and 11% versus 5%, 23%, and 9%. The opposite held true for 
the two main PUFAs, (C20:5(n-3) and C22:6(n-3)), and C16:1(n-7), which averaged 18%, 7% and 18% for 
the late spring krill and 16%, 5%, and 14% for the early summer animals. The C18:1(n-7) showed little 
change. 
 
Statistical analyses 
 The multidimensional scaling (MDS) plots generated for the krill lipid classes from both 
experiments (Figure 5A) showed a horizontal separation of the late spring and early summer krill, likely 
driven by the higher concentration of phospholipid in the summer animals. The sterol MDS plot 
(Figure 5B) showed three separate clusters: all subsampled T. raschii, particle sample ESu-I, and the 
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other three particle samples (LSp-I, LSp-P, and ESu-P). In the fatty acid MDS plot (Figure 5C), there were 
also three distinct clusters: all subsamples animals, particle sample LSp-I, and the other three particle 
samples. 
 
DISCUSSION 
 
The distribution of individual lipid biomarkers in particle samples accurately reflected the 
seasonal algal transition from late spring when ice diatoms were prominent to early summer when the 
heterotrophic population was steadily increasing.  Yet, after three days of grazing on the natural algal 
community at in situ concentrations, the increased lipid stores seen in T. raschii in both incubations did 
not uniformly reflect their available diets. This suggests that lipid composition in krill reflects the 
longer-term interaction of diet and metabolism and is not rapidly altered by short-term feeding 
activities. Instead, lipid biomarkers may be more useful as long-term integrators of diet history. 
 Fundamental differences between T. raschii in the late spring incubation and the early summer 
incubation are apparent in the elevated concentrations of total lipid and increased abundance of TAG 
storage lipid class in early summer krill, as compared to late spring krill. Early summer krill also 
appeared to maintain tighter metabolic homeostasis with regard to sterols and fatty acids types (SFA, 
MUFA and PUFA) throughout the entire incubation versus those in the late spring incubation. That is not to 
say that dietary lipids are not informative; the diatom-derived C16:1(n-7) fatty acid abundance was nearly 
9% higher in spring krill (21.3%) than in summer krill (12.7%), reflecting the decreased presence and 
consumption of diatom food at their catch stations (LSp-I and ESu-I, respectively). The greatest change 
in sterol abundances came not from an increase in phytosterols themselves, but from cholesterol as a 
likely metabolic product (+ 5.7% in late spring and + 1.7% in early summer). Both of these changes are 
also noted in the wet weight concentrations, and are likely a product of the metabolic pathways  
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Figure 5: Multi-dimensional scaling (MDS) plots of relative abundance of lipid classes for all T. raschii 
subsamples (A), sterols abundances in T. raschii and particle samples (B), and fatty acids abundances for 
krill and particle samples (C). Krill from late spring (LSp-) and early summer (ESu-) have labels appended 
with their subsampled time point (T0 through Tf ; 6 subsamples in total for each experiment). Water 
column particles from late spring (LSp) and early summer (ESu) are appended with –I for the initial 
sampling time or –P indicating it was a food pulse. The ellipses represent the groupings that fall into a 
dissimiliarity level of 5% in A, and 30% in B and C. 
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associated with short-term starvation. The following subsections discuss physical differences between 
the T. raschii in both incubations, relate biomarkers found in krill to their known or suggested origins, 
and compare these results with other experiments. 
 
Role of life stage and reproductive status on lipids 
Krill physiology can have a confounding effect on studies that span an extended period of 
time. Prior studies have shown krill to shrink in size during periods of low food availability or 
intense reproductive activity (Marinovic and Mangel, 1999; Shaw et al., 2010). In the present study, 
both of these conditions were present during the late spring experiment. Many of the animals among 
the first three incubation time points showed clear signs of being reproductively active. Despite 
this, no krill in the last two time points showed signs of being reproductively active. The average 
length of individuals also declined steadily over the experimental period. It is possible that by the 
latter part of the experiment the animals were responding to the low food availability by 
abandoning reproductive activity and reducing their size as a survival strategy. Thus, although 
the average animal total length for the late spring experiment was smaller than for the early 
summer experiment, this may have been driven in part by animals shrinking over the course of the 
incubation. The food pulses for both experiments were dominated by the same prey item – the 
diatom  Chaetoceros – and so, these results may reflect differential responses by the krill in 
relation to where they were in their seasonal cycle of spawning (late spring) and lipid 
accumulation (early summer). This is also supported by the visible lipid stores under the carapaces of 
T. raschii observed during the first two time points of the early summer experiment. MDS analysis of 
krill lipid class abundances showed clear separation of the late spring and early summer krill likely 
due to the enhanced presence of the TAG storage lipids and PL in the early summer krill. Several 
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lipid functional forms – sterols, alcohols and waxes, tocopherols and fatty acids – have the 
potential to provide information regarding the diet history of T. raschii. The chemical signatures of 
potential krill planktonic prey items or alternative food sources for krill are linked to prey items. 
 
Sterols 
Sterols in particles reflected the changing algal communities throughout the late spring 
experiment.  Diatom-associated sterols 24-methylenecholesterol and desmosterol + brassicasterol were 
the primary sterols present at stations LSp-I and LSp-P, in keeping with the observed phytoplankton 
distribution. Most notably, 24-methylenecholesterol had a large presence at station LSp-P where 
Chaetoceros sp. was the dominant diatom. Cholesterol and 24-methylenecholesterol are the 
dominant sterols in some species of Chaetoceros (Volkman, 1986 and references therein; Tsitsa-
Tzardis et al., 1993). Cholesterol was the third most abundant sterol after the two coeluting sterols 
brassicasterol + desmosterol. Also prevalent were 24-norsterol, commonly attributed to 
dinoflagellates (Ghosh et al., 1998; Thompson et al., 2004), and 22-dehydrocholesterol, found in 
significant quantities in diatoms, and to a lesser degree, in numerous other phytoplankton groups 
(Volkman, 1986; Barrett et al., 1995). 
It has been proposed that other crustaceans can convert desmosterol and 24-
methylenecholesterol to cholesterol through dealkylation. The most notable change in animal 
sterols took place during the late spring starvation period: between Day 0 and Day 6, cholesterol 
increased in abundance from 90.5% to 94%, and brassicasterol + desmosterol decreased from 7.5% to 
4.4%. Interestingly, no relative increases in dietary sterols were observed in the krill after completion 
of the three-day grazing period. If this metabolic pathway also applies to T. raschii, it would explain 
the gradual decrease in relative abundance of those two dietary sterols and the overall increase in 
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cholesterol in krill during starvation periods in both experiments (Kanazawa, 2001 and references 
therein). 
Some algal sterols, though significant contributors to the total available sterols in algal diets, 
cannot be directly linked to consumption by grazers due to limited assimilation during digestion.  For 
example, the 4α sterols are commonly attributed to dinoflagellates and much less so to diatoms (Dahl 
et al., 2004 and references therein; Rampen et al., 2010), but are not absorbed by grazing calanoid 
copepods (Harvey et al., 1987) and likely other crustaceans. This constrains the tracking of specific 
consumption for some algal groups. In the present study, while dinoflagellates were observed as 
part of the phytoplankton community, no 4α sterols were observed in any of the krill in either 
experiment. 
Cholesterol, which assists in maintaining membrane fluidity, is the most abundant sterol in 
all T. raschii subsamples. In order to obtain cholesterol, krill must either consume it directly or 
modify suitable dietary sterols. Cholesterol is found in prey items like dinoflagellates and 
diatoms, and may constitute 50% or more of total sterols in some of these microplankton species 
(Volkman, 1986); however, its high concentrations in krill make it difficult to separate the dietary 
cholesterol contribution from the pre-existing krill cholesterol. 
Other sterols may be more useful indicators of which plankton group was consumed. For 
example, cholest-5,7,22-trien-3β-ol, present  at  the  heterotrophic  station  ESu-I  in  abundance  
of < 0.1% and present in all summer krill, holds the potential to be a marker for predation on 
heterotrophic dinoflagellates in a marine environment. No autotrophic organisms have been found to 
contain this sterol, to date, but it has been detected in some strains of yeast, some ciliates, and other 
a l g a e , such as the heterotrophic dinoflagellate Lessardia elongata (Engel et al., unpublished data). 
In feeding experiments, this triene was not detected in prey items of L. elongata, but was seen in the 
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predator, suggesting that it is not a dietary constituent, but a product of biotransformation within the 
heterotrophic dinoflagellate itself. Another potentially useful sterol marker is 24-methylenecholesterol, 
which was highly abundant in the water column particles when diatoms, either ice-associated or 
pelagic, dominated the system. Its abundance in krill decreased throughout the starvation period in 
both experiments. 
Some concentration of each sterol is retained throughout the entire 19 or 31—day experiments. 
In animals, absolute concentrations of cholesterol may show a slight increase, and diatom-derived 
sterols show a parallel decrease between the beginning and end of each experiment. A similar 
statement can be made about fatty acid, specifically as applied to the diatom sterol C16:1(n-7), which 
shows a constant decrease in relative abundance throughout the experiment. One of the complicating 
factors of this work, however, is that the precision of these pulsed feeding measurements was limited by 
the lack of krill sample replicates by which to distinguish any small changes in the retention of these 
biomarkers throughout the experimental time. 
The three clusters revealed by the MDS plot of sterol relative abundance for all samples can 
likely be explained largely by cholesterol and 24-methylenecholesterol (Figure 4B). Separation of krill 
subsamples from the particle samples, and their tight clustering, may be attributed to the high 
abundance of cholesterol and the lack of a number of sterols found in the natural community 
samples. The particle samples from stations LSp-I, LSp-P, and ESu-P all contained large concentrations 
of diatoms, particularly Chaetoceros, and correspondingly 24-methylenecholesterol comprised 
17–26% of their total sterols. 
Throughout the course of the starvation experiments, most sterols, with cholesterol being a 
primary exception, decreased in abundance, but did not disappear completely. If sterols are being 
used as a proxy for grazing on particular taxa and the signatures do not change rapidly over time as 
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seen here, then the sterols can be more reflective of long-term dietary history. Therefore, it is likely 
more effective to utilize chemical markers to focus on seasonal and spatial changes in phytoplankton 
composition and diet. 
 
Other Neutral Lipids 
A number of other neutral lipids observed might serve as tracers for dietary history once the 
time frame for metabolism is established. Wax esters are a minor storage lipid for T. raschii (Sargent and 
Falk-Petersen, 1981). Small amounts of phytol-derived wax esters were seen in T. raschii, generally 
with C14:0 or C16:0 fatty acids comprising the acyl portion of the chain, as determined by mass 
spectra. Phytol-derived waxes have been documented in a variety of sources ranging from marine 
bacteria and dinoflagellates to sediment (Withers and Nevenzel, 1977; Rontani et al., 1999). 
Determining which wax ester moieties are produced by T. raschii versus consumed could provide 
options for tracking diet history. 
The marine-derived tocopherol (MDT) was present in very low concentrations in krill, but 
absent in particle samples. This tocomonoenol, found in cold-water organisms, has been documented 
at up to 8% of total tocopherols in the Antarctic Euphausia superba (Dunlap et al., 2002), which is 
much higher than the abundance found here (1–3% of tocopherols in late spring and 0.4–1.2% in early 
summer). Its origin still remains uncertain, though it is presumed that MDT bioaccumulates through 
dietary consumption. If an algal group is responsible for its production, MDT could serve as a 
biomarker for its consumption among higher trophic levels, unlike vitamin E, which is somewhat 
ubiquitous amongst algal groups (Engel et al., unpublished data). 
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Fatty Acids 
Changes in several fatty acids from water column particles reflected the transition from ice 
diatoms (LSp-I) to pelagic diatoms (LSp-P) at late spring sampling stations, and then from a 
heterotroph-dominated station (ESu-I) and back to pelagic diatoms (ESu-P), again, in early summer 
stations (Figure 4). Cell counts or carbon estimates were not available for ice diatom station LSp-I, but 
it is known that Fragillariopsis sp. was prominent with some Thalassiosira sp. also present. These ice 
diatoms often differ in fatty acid composition versus pelagic diatoms; for example, some species of 
Thalassiosira attribute 19% of total fatty acids to C20:5(n-3), whereas Chaetoceros, the pelagic 
diatom dominant at LSp-P, distributes the majority of its fatty acids between C14:0, C16:0, and 
C16:1(n-7) (Volkman et al., 1989; Viso and Marty, 1993; Vega et al., 2010). The C22:6(n-3) PUFA, was 
highest in abundance at the ice diatom-dominated station LSp-I (12.8%) and much lower (0.4–3.0%) 
for all other particles samples. Similarly, C20:5(n-3) was also highest at the ice diatom station, but 
lower in both the water column particles and the krill. While they are not solely markers for ice 
diatoms, the shift in PUFA relative abundance between particle samples does highlight the change 
in diet throughout the period of ice retreat. Overall, for this Bering Sea system, higher abundances of 
C20:5(n-3) and C22:6(n-3) seem to indicate a large ice diatom presence whereas higher amounts of 
the SFAs C14:0n and C16:0n in addition  to  C16:1(n-7)  convey  the  transition  to  more  pelagic 
diatoms (e.g. Chaetoceros sp.) and perhaps heterotrophic plankton. Among the 70 different fatty 
acids identified in both incubation experiments, an unusual C28:8 fatty acid was observed in both the 
water column particles from station ESp-I and the Day 0 T. raschii feeding incubation (Appendices B 
and C). The (n-3) moiety of this fatty acid has been observed in autotrophic and heterotrophic 
dinoflagellates, and prymnesiophytes (Mansour et al., 1999; Van Pelt et al., 1999; Mansour et al., 2005). 
Interestingly, Antarctic krill have also been known to store this unusual C28 fatty acid (Phleger et al., 
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2002). Small amounts of C24:1(n-9), a known copepod marker, was also found in all of the early 
summer animals, but only in some of the late spring animals. The variation in markers between the 
two krill experiments may indicate differential feeding patterns for these animals that extend outside of 
the algal regime. 
 
Comparisons with Antarctic Krill Under Starvation 
Incubation experiments that analyze changes in krill lipids over time are more labor-intensive, 
and thus there are fewer of these types of studies with which to compare our results. There are a 
number of commonalities between the species in this study, T. raschii, and the Antarctic krill E. 
superba. Both krill exhibit omnivorous tendencies (Falk-Petersen et al., 2000). Phospholipids make up 
the majority of their lipid class distribution; TAG is their primary storage lipid, though phospholipids 
are also likely contributors; and both contain low abundances of wax esters (Sargent and Falk-
Petersen, 1981 and references therein; Auerswald et al., 2009; Ju et al., 2009; O'Brien et al., 2011; 
Harvey et al., 2012). Maximum, summer, and autumn total lipid concentrations, as a percent dry 
weight, from previous studies were very similar (Falk-Petersen et al., 2000). On that basis, a 
comparison of general trends in lipid retention and fatty acid distribution between these krill may be 
reasonable. One short-term starvation experiment (18 days) involving E. superba, which were 
collected near the end of austral winter before krill begin to build energy stores, found that total 
lipid concentrations based on dry weight decreased by 40% within the first 5 days, largely attributed 
to decreases in PL and TAG (Auerswald et al., 2009). These results are similar to the present study in 
which phospholipids (PL) dropped to 43% of the original concentration for the late spring experiment. 
While some adjustment is needed for the differences in units (wet verses dry weights) it appears 
there is commonality in lipid utilization for omnivorous, polar krill during periods of starvation. 
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In a long-term starvation experiment by O'Brien et al. (2011), E. superba were monitored for 207 
days, subsampling frequently for the first 47 days and then only at day 207. Over the first 26 days, 
individual total lipid decreased by 54%. On a bulk average basis (mg lipid /ind), there was a 35% 
decrease in total lipid for the late spring T. raschii over by the end of the 31-day period, suggesting that 
T. raschii and E. superba have similar responses to starvation conditions when neither species has had 
a chance to build up lipid stores. As both of these Antarctic E. superba experiments by Auerswald et al. 
(2009) and O'Brien et al. (2011) showed, PL was always the dominant lipid, and it gradually increased 
throughout the course of the experiment as TAG stores were depleted, a trend similar to what was 
observed for T. raschii in the late spring experiment. 
 
CONCLUSIONS 
 In two long-term pulsed feeding experiments conducted in the eastern Bering Sea, total intact 
lipids and biomarkers from various dietary sources were analyzed in Thysanoessa raschii over several  
weeks. As seen in field samples from early studies, (e.g. Falk-Petersen et al., 1981), phospholipids are 
the dominant lipid class in T. raschii and the abundance of triacylglycerols increases as in the early 
summer experiment as compared to the late spring, likely as krill begin to store lipids for overwintering. 
The relative abundances of these intact lipids remain largely stable in terms of percent composition 
throughout each experiment. While the concentration of total lipid in the smaller, late spring krill 
showed small decreases between the first and last samples taken, the lack of individual replicates at 
each time prevents a confirmed conclusion. The two main diatom sterols (desmosterol and 24-
methylene cholesterol) and three fatty acids, 16:1(n-7), 20:5(n-3) and 22:6(n-3) identified and quantified 
in krill, indicated heavy grazing on diatoms, ice or pelagic, depending on the season, again reasserting 
diatom importance to the krill diet. Even in the presence of diatoms, Thysanoessa raschii, however, will 
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consume other, less nutritious prey like dinoflagellates and prymnesiophytes, as indicated by the sterol 
cholesta-5,7,22-triene-3β-ol and C28:8(n-3) fatty acid, respectively. In the context of interpreting the 
krill diet, sterol and fatty acid biomarkers of field samples may more accurately reflect  consumption 
integrated over weeks rather than short-term food availability based on the fact that the abundances of 
tracked biomarkers showed little difference in their relative abundance throughout individual 
experiments. This could mean that the signal of a brief dinoflagellate bloom sandwiched between two 
larger diatom blooms may not leave much of a signal, and is not necessarily a reflection of what 
organisms reside in the water column at that time, but what has occupied that space and in the highest 
concentrations given a size that T. raschii can consume.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
40 
 
CHAPTER 3 
 
 
INTACT LIPID CLASS AND FATTY ACID POSITIONAL DISTRIBUTION IN THE SUB-ARCTIC  
 
EUPHAUSIID THYSANOESSA RASCHII FOLLOWING PULSED FEEDING 
 
 
ABSTRACT 
 In the eastern Bering Sea, Thysanoessa raschii are the most abundant krill species and a 
keystone trophic member that serve as both an important grazer and link to upper level consumers. In 
this system krill experience large annual variation in food resources, especially during ice advance and 
retreat; multiple lipid classes are used to temper the effects of those fluctuations, as well as fuel 
reproduction and growth. Two shipboard feeding experiments monitored the lipid retention in adult T. 
raschii and examined the fluctuation of specific lipid biomarkers under food-limited conditions. 
Retention of glycerophospholipids (GPL), as well as di- and triacylglycerols (referred to here as di- and 
triglycerides; DG and TG), were followed over 19- and 31-day experiments using tandem liquid 
chromatography mass spectrometry (LC-MS). GPLs comprised the majority of intact lipids, most of which 
were phosphatidylcholine (PC) subclass with smaller contributions made by phosphatidylethanolamine 
(PE) and phosphatidylserine (PS). The fatty acids were largely represented by six structures – C14:0, 
C16:0, C16:1, C18:1, C20:5, C22:6 – with most present as mixed acyl groups within each intact lipid class. 
Concentration of combined GPLs and glycerides (mg lipid / g wet weight) decreased over time by 22% 
for the late spring (LSp) experiment and by 30% for the early summer (ESu) experiment from initial 
values; that suggests both classes are mobilized in times of food scarcity and during overwintering. In 
regard to the combinations of fatty acids within the intact molecules, most compounds contained mixed 
moieties – fatty acids with differing degrees of unsaturation – which has implications for temperature 
tolerance and buoyancy. Structures containing 16:1 fatty acid decreased most for GPLs, reflecting the 
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lack of input from the 16:1(n-7) dietary algal fatty acid, and polyunsaturated fatty acids were 
overwhelmingly located at the sn2 position within the intact lipids, particularly in PC. The combined 
power of the tandem mass spectrometer coupled with liquid chromatography and LipidSearch analytical 
software applied here allows for determination of the complex suite of intact lipids within euphausiids 
and provides a comprehensive measure of krill structural and storage lipids and their retention during 
times of varied food availability. 
 
INTRODUCTION 
 In the subarctic Bering Sea, the euphausiids Thysanoessa raschii act as a key trophic link 
between primary production and larger marine and avian predators. Euphausiids broadly  serve as a 
vital nutritional source for juvenile fish, like juvenile Pollock and salmon (Brodeur et al., 2000; Tadokoro 
et al., 1996), and are widely consumed by marine macrofauna like whales, for example (Smith, 1991). 
Thysanoessa raschii take advantage of a wide range of algae (e.g. diatoms and dinoflagellates) and other 
macrozooplankton (krill and other zooplankton), as well as non-traditional food reservoirs, such as 
detrital matter on the surface sediment (Chapter 2) and marine snow (Dilling et al., 2004) Thysanoessa 
raschii life history, feeding strategies, reproductive habits, abundance and distribution within the 
eastern Bering Sea, and oceanographic conditions that dictate their habitat preference are well 
documented by many preceding studies (e.g. Agersted et al., 2011; Bi et al., 2015; Falk-Petersen et al., 
1981; Hunt Jr., et al., 2015; Mauchline, 1969; Paul et al. 1990; Price, 1989; Smith, 1991). 
 Intact lipid information allows for a greater understanding of euphausiid life strategies and 
mechanisms for energy storage. Examples that focus on Arctic and sub-Arctic krill include: Falk-Petersen 
et al., (1981) were able to track seasonal patterns in lipid storage showing that sub-Arctic euphausiids, 
specifically Thysanoessa raschii and Thysanoessa inermis, accumulate lipid between early summer and 
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late autumn; these reserves serve as energy stores to allow them to survive the low-food conditions of 
the winter season (Falk-Petersen, 1981). They also reveal that the same two krill species use different 
lipid classes to store energy (Falk-Petersen et al., 1981). In terms of reproduction, the late spring blooms 
in Balsfjord, Norway, fuel lipid accumulation for reproduction for both T. raschii and T. inermis (Falk-
Petersen et al., 2000). T. inermis females can transfer up to 50% of their total lipid to their eggs, which 
are mainly composed of phospholipid (Harvey, unpublished data). Finally, in a study that took place off 
of the coast of Oregon, Ju et al. (2006), concluded that phospholipids in the eggs of Euphausia pacifica 
provided density that allow the eggs to sink (potentially avoiding predation), but as the early stage krill 
metabolized the lipid, the eggs would rise, bringing them into closer contact with food sources they 
could capitalize on after hatching. While E. pacifica are commonly found in the north Pacific, they have 
been also been found in the southeastern Bering Sea (Pinchuk and Hopcroft, 2006). Henderson et al. 
(1981, 1982) used TLC, followed by GC-FID (gas chromatography with flame ionization detection) to 
examine where 3H2O and 
14C-labeled compounds (glucose, alanine, C16:0 fatty alcohol, and C16:0n and 
C18:1(1-9) fatty acids) were incorporated during incubation with isolated krill organs. Fatty acid 
synthesis proceeded at a rate of 200 μg / day / 100 g “hepatopancreas” in T. inermis, but was only 42% 
of that in T. raschii. Additionally, they were also able to demonstrate the differences in lipid class profile 
between the two species, with T. raschii primarily storing TG as its neutral lipid energy compound class 
and T. inermis heavily utilizing wax esters with some TG. They were also able to underscore the 
importance of amino acids and simple sugars in the synthesis of wax esters in T. inermis and T. raschii.  
 Intact lipids, specifically phospholipids, serve a number of functions in crustaceans that include, 
but are not limited to, structural integrity of cell membranes, energy storage and reproduction, 
immunesystem maintenance and combating stress. For polar lipids, such as phospholipids, the general 
structure consists of a specific polar headgroup, e.g. phosphatidylcholine, phosphatidylethanolamine, or 
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phosphatidylserine, and one or two non-polar fatty acid tails (Figure 6A). Fatty acids in euphausiids 
generally range from 12 to 28 carbons in length and contain between zero and eight double bonds. 
Numerous moieties of intact PL are possible given that each phospholipid containing one headgroup and 
two fatty acids. Expanding that concept to the other lipid classes (Figure 6B) multiplies the total number 
of possible intact compounds that could be present. Triglycerides (TG) consist of a glycerol backbone 
with a fatty acid attached at each of the three positions by an ester bond. A diglyceride (DG) is similar in 
structure, but a hydroxyl group fills one of the three slots where a fatty acid would occupy. Triglycerides 
are traditionally thought to be the dominant energy storage molecule in T. raschii, but as shown 
Pleuthner et al. (2016), can share that role with GPLs.  
 Within the context of a particular environment, insight into the grazing habits of krill on 
different groups of microplankton and overall quality of the krill diet can be determined from fatty acid 
biomarkers. Rarely are fatty acid markers specific to only one algal or microzooplankton species, but 
some fatty acids are prominent in a particular group and can be used to follow consumption. For 
example, C14:0, C16:0, C16:1(n-7), and C20:5(n-3)  fatty acids are prevalent in pelagic diatom species; 
C28:8(n-3) may be an indicator for consumption of some heterotrophic dinoflagellates; and C18:4(n-3) is 
abundant in dinoflagellates, cryptophytes, and prymnesiophytes (Falk-Petersen et al., 1998; Mansour, et 
al., 1999; Pleuthner et al., 2016; Volkman et al., 1989; Viso and Marty, 1993). Evidence points to 
C18:1(n-9) as likely an animal-derived fatty acid, stemming from the predation on other zooplankton 
and biotransformation from 18:0 (e.g. Falk-Petersen et al., 2000). Lastly, different C22:1 fatty acid 
isomers have been used as indicators of either copepod or phytoplankton consumption, depending on 
the position of the double bond (Henderson et al., 1982). By feeding the krill controlled diets and
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comparing the composition of the prey items to that of the sated krill, some authors have observed 
trends in diet history by comparing the fatty acid profiles of krill with that of a prey item that they fed to 
those same krill at known concentrations (e.g. Harvey et al., 2012; Stübing et al., 2003). 
 Early examination of intact lipid classes and their corresponding fatty acids required the 
combination of several methodological approaches in sequence. Thin layer chromatography with flame 
ionization detection (TLC-FID) was often the first step: total lipids were separated by TLC, and each lipid 
class could be quantified directly on the silica using FID. In the marine field, this quantification has often 
relied on and the use of external calibration curves composed of a common suite of intact lipids 
consisting of the phospholipids (PL), wax esters (WE), triglycerides (TG), free fatty acids (FFA), and 
sterols (ST) (e.g. Parrish et al., 1993; Peters et al., 2013; Volkman et al., 1989). Examination of the range 
of PL subclasses required a secondary step that included the removal of classes that had migrated 
further up the silica rod and a secondary set of calibration curves consisting of the subclasses had to be 
run alongside the samples (Ju et al., 2009). Less commonly, additional lipid classes like free fatty 
alcohols, ketones, hydrocarbons, and monoglycerides may be included for a more extensive analysis 
(Olsen and Henderson, 1989; Parrish et al., 1983). Subsequent identification of the fatty acids associated 
with each class, required isolation of the lipid class from the rod, hydrolysis of those intact lipids, 
partitioning of the fatty acids, derivatization, and finally, analysis with gas chromatography coupled to a 
mass selective detector (GC-MSD) or a flame ionization detector (GC-FID) for identification or 
quantification, respectively (Belicka et al., 2002). Individual intact compounds within these classes 
cannot be identified and quantified because the backbone of most intact lipids is separated from the 
fatty acids during hydrolysis; however, the advent of tandem LC-MS allowed direct identification of 
larger compounds. Increased accuracy in mass detection and more sophisticated software combined 
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with expanded libraries, lead to the ability to simultaneously identify and accurately quantify a wide 
array of intact lipids in their entirety (e.g. Bird et al., 2011; Dyda et al., 2009; Sommer et al., 2006; 
Winther et al., 2011; Zink and Mangelsdorf, 2004). 
 Although it is possible to determine the fatty acids associated with each lipid class, to identify 
and quantify the fatty acids in a particular phospholipid class requires that fatty acids must be liberated 
from the glycerol backbone (hydrolysis). Any information regarding the pair-wise combinations of fatty 
acids attached to the phospholipids is lost. With modern advances, lipid classes can not only be 
separated, but qualitative identification of the intact structures – including the headgroups, in the case 
of GPL – with all pair-wise combinations of fatty acids still bound to the original molecule can be 
attained. New instruments (Agilent 1290 UHPLC and Thermo Fisher Scientific LTQ Orbitrap XL mass 
spectrometer) now make structural elucidation and quantification of intact lipids possible through 
reverse separation via ultra high performance liquid chromatography coupled with electrospray 
ionization of compounds into a tandem mass spectrometer (RPUHPLC-ESI-MS/MS). Quantification of 
these intact structures is achieved through a series of external calibration curves with at least one 
compound per lipid class; ideally, more than one should be used to account for the varying responses of 
compounds with different molecular weights and degrees of unsaturation. Some compounds are better 
detected with a positive polarity than a negative polarity, or vice versa. So all samples were run in both 
modes to detect the full gamut of compounds and allow for easier alignment later.  
 In this chapter, aliquots of total lipids from the two starvation experiments featured in Chapter 2 
were analyzed for lipid classes vital to T. raschii including glycerophospholipids and glycerides. In other 
krill, e.g. Meganyctiphanes norvegica and Euphausia superba, phosphatidylcholine (PC) is the dominant 
GPL subclass present in the lipid extract (Mayzaud et al. 1999; Stübing et al., 2003), which made it a 
likely candidate for the most abundant subclass in T. raschii. Glycerides, particularly TG, are important 
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storage lipids for this krill species. In in-depth look at fatty acids from Chapter 2 revealed seven fatty 
acids (C14:0n, C16:0n, C16:1(n-7), C18:1(n-9), C18:1(n-7), C20:5(n-3), C22:6(n-3)) make up 85 - 90% of 
the total fatty acids in T. raschii. Based on the retention of most fatty acids in krill during subsequent 
starvation experiments spanning 19 days (LSp) and 31 days (ESu), and the uniformity of abundance 
throughout those periods suggested that krill fatty acids may represent long-term diet history rather 
than a snapshot of prey. Here the suite of intact lipids for each time point in both experiments was 
qualitatively and quantitatively surveyed with the goal of examining trends in (1) abundance of select 
lipid classes and subclasses, (2) relegation of fatty acids to specific lipid classes, (3) fatty acid 
combinations within lipid classes, and (4) stereospecific positioning of fatty acids within the intact lipids. 
Implications for temperature and buoyancy regulation, fatty acid bioavailability, efficiency of tracking 
diet history, and potential impacts on lipid classes during periods of algal scarcity are discussed. 
Additionally, intact lipids from T. raschii in these experiments are compared with individual T. raschii 
also sampled in the eastern Bering Sea, but during a different year.  Finally, given these new analytical 
capabilities, questions for future experiments are posed. All of these questions and discussion points 
require that both fatty acids, as well as their intact counterparts, be simultaneously identified and 
quantified in order to be addressed, which is now possible through powerful analytical techniques. 
 
EXPERIMENTAL 
Shipboard Krill Incubations  
 To examine the retention of intact lipid and partitioning of individual fatty acid during starvation, 
two shipboard incubation experiments were run to track lipid retention in the eastern Bering Sea 
euphausiids (Pleuthner et al., 2016). Briefly, Thysanoessa raschii were placed into a 20 L carboy of 0.2μm 
filtered sea water (FSW) for just under one week, exposed to a brief three-day pulse of food, and 
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returned to FSW for the remainder of the experiment (Figure 2). The length of each experiment was 
dictated by the duration of the research cruise. On the days the pulse of food was added, krill were 
subsampled prior to the addition, and then given one day to purge their guts before being subsampled, 
again. Experiment one, which began in late spring (LSp), spanned 31 days in total; after krill were 
subsampled on day six, the pulse of natural seawater was added, and the krill were returned to FSW on 
day nine. Krill were subsampled on day 0, 6, 10, 17, 24, and 31. The second experiment, which took 
place in the early summer (ESu) spanned 19 days; the food pulse was added on day five, after the krill 
were subsampled, and they were returned to FSW on day eight. The natural water addition (pulse of 
food) did not originate from the same station as the krill were netted, but was obtained fresh from the 
station being sampled that day of the cruise. Krill were subsampled throughout each experiment; each 
subsampled time point is composed of composited animals initial time points composited n=10 (LSp) or 
n=8 (ESu) and following that n=3 or 4 for all subsequent samples. Physical characteristics such as 
reproductive state and length were recorded for each subset, and then all animals from the same time 
point were composited and frozen at -80 °C until transport back to the lab. Animals in both experiments 
had reached the adult stage; the ESu animals were reproductively active, but not gravid. 
 
Reagents 
 The intact lipid standards chosen were largely composed of those fatty acids (FA). Intact lipid 
subclasses were chosen based on the results in Chapter 2 and previously referenced work, with some 
additional PC-based lipids, as they are so prominent in the krill lipidome. A suite of phospholipid and 
glyceride standards were purchased from Sigma Aldrich, Cayman Chemical and Avanti Polar Lipids to 
prepare external calibration curves. Intact phospholipids included one lyso-phosphatidylcholine (16:0 
LPC); three phosphatidylcholines (18:1/18:1 PC, 18:2/18:2 PC, 16:0/20:4 PC); one 
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phosphatidylethanolamine (16:0/18:2 PE); one phosphatidylserine (16:0/16:0 PS); one 
phosphatidylglycerol (16:0/18:1 PG); one phosphatidic acid (14:0/14:0 PA); one sphingomyelin (16:0 
SM); one ceramide (18:0 Cer-PC); one sterol-modified phospholipid (1-palmitoyl-2-cholesterylcarbonoyl-
sn-glycero-3-phosphocholine – PChcPC); one diacylglycerol (18:0/20:4 DG); and one triacylglycerol 
(16:0/18:1/18:2). The compound-specific tune parameters for both positive and negative ESI modes 
were established by direct infusion of 1,2-diplamitoyl-sn-glycero-3-phosphocholine (16:0/16:0 PC) from 
Sigma Aldrich.  
 Samples were thawed and then extracted with Ultra Resi-analyzed methanol (MeOH) and 
stabilized dichloromethane (DCM) from VWR (J.T. Baker). Mobile phase contained LCMS-grade solvents 
from Fisher Scientific or VWR (water, isopropyl alcohol, acetonitrile, and formic acid) and ammonium 
acetate from Sigma Aldrich (BioXtra).  
 
Sample Extraction 
 Prior to microwave-assisted solvent extraction (MASE) with a MARS 5 system from CEM, 30 mL 
of 2:1 DCM:MeOH, along with internal standards used to quantify neutral lipids (e.g. sterols and fatty 
alcohols) and fatty acids, were added to each composite subsample. After extraction, total lipid extract 
volumes were reduced under nitrogen gas, filtered through combusted quartz wool to remove 
particulates, and split to accommodate both intact and hydrolyzed lipid measurements. Total lipid was 
stored in the -80 °C until analysis, with limited freeze-thaw cycles. 
 
Separation and Detection of Intact Lipids (RP-UHPLC ESI-MSn) 
 Intact phospholipids and glycerides were separated by reverse phase UHPLC using an Agilent 
1290 Infinity Binary UHPLC system and coupled to a Thermo Fisher Scientific LTQ Orbitrap XL Hybrid Ion 
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Trap-Orbitrap Mass Spectrometer utilizing an electrospray ionization (ESI) source for structural 
identification and quantification. Parameters for chromatographic separation were based upon the 
cardiolipin method developed by Bird et al. (2011). In brief, mobile phase A consisted of a 60:40 mix of 
acetonitrile : water amended with 0.1% formic acid and ammonium acetate at a 10 mM concentration. 
Mobile phase B was 90:10 isopropyl alcohol : water amended with 0.1% formic acid and ammonium 
acetate at a 10 mM concentration. The gradient program mirrored that of Bird et al. (2011) with a flow 
rate of 0.26 mL/min and injection volumes of 5 μL for all samples and standards. Compound separation 
on an Agilent Zorbax Eclipse Plus C18 RRHD column (2.1 x 50 mm, 1.8 μm) was preceded by a Zorbax 
Eclipse Plus C18 UHPLC guard column (2.1 x 5 mm, 1.8 μm). Compounds initially entered the FTMS 
(Orbitrap) and were detected in profile mode (60,000 scan rate in Normal mode). Subsequent CID 
fragmentation (to MS2 or MS3) took place in the ITMS (ion trap) with data collection in centroid mode. 
Dynamic exclusion was employed at a frequency of 30s with decreasing amounts of time as the 
fragmentation progressed from MS2 to MS3. All samples were run in both positive and negative ESI ion 
modes in order to best detect the range of lipid classes that could be present. 
 
External Calibration Curves and Sample Analysis  
 Individual stock solutions were prepared – solids were mainly solubilized in 2:1 dichloromethane 
: methanol – and all were stored in a -80 ⁰C freezer.  Aliquots of those solutions were combined to make 
a mixed stock, which was subsequently used to prepare the calibration curve solutions. A 60:40 mix of 
mobile phases A:B were used as the diluent in the serial dilutions. Each of the seven standard solutions 
was run in triplicate in both positive and negative ESI ion modes. Calibration curve mass ranges varied, 
depending on the ITL, and lower limits of detection from standard deviation (Table 6). Prior to each run, 
samples were thawed, and an aliquot of TLE was diluted in a 60:40 mix of mobile phase A:B to mimic LC  
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starting conditions. To determine lower limits of detection, mass injected ranged from 0.05 ng - 175 ng 
for phospholipids to 0.03 ng – 140 ng for glycerides. 
 
Lipid Identification and Quantification  
 Lipid Search software (v 4.1.16) from Thermo Fisher Scientific enabled identification, integration 
and alignment of lipid peaks within the calibration curve standards as well as the euphausiid lipid 
samples from each experiment. Search and alignment parameters were adjusted for optimal detection 
of calibration standards, and then also applied to krill samples (Appendix D). Positive and negative runs 
were analyzed differently to account for the slightly higher degree of mass accuracy observed with the 
positive ion mode, which may have been a result more precise tuning of the target compound.  
The calibration curve, the LSp krill experiment, and the ESu krill experiment were batched and aligned 
separately. The positive and negative runs were paired as one set and all sets were aligned with each 
other within a batch of sample or calibration runs (Appendix E). Additional filter parameters were 
applied to reduce the total number of false positives seen within the calibration curve results. Final 
results were exported to text documents and processed using Microsoft Excel. 
 
RESULTS 
Accuracy and Precision of Calibration Curves  
  Intact phospholipids are glycerophospholipids (GPL), and include the phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and phosphatidylserine (PS) subclasses. Diglycerides (DG) and 
triglycerides (TG) are categorically referred to as glycerides (GL). Calibration curves had R2 values of 
0.9920 or greater with lower limits of detection (LLOD) between 0.3 - 8.0 pmoles (Table 6). The PC 
16:0/20:4 and DG 18:0/20:4/0:0 standards each required a second calibration curve to linearly cover low 
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concentrations. In order to reflect the lipid composition of krill, three types of GPL-PC, each with 
different fatty acid combinations, were selected for inclusion in the calibration standards. All three PC 
compounds showed linearity over a three orders of magnitude with low standard deviation and much of 
the variance explained (Figure 7). Only the 16:0/20:4 PC was used to calculate concentration of 
phospholipids, as the majority of compounds were also mixed moieties, in terms of stereospecific fatty 
acid combinations, which means the two backbone fatty acids have different degrees of unsaturation. 
Calibrations for DG and TG showed very different responses, and were both less sensitive than the GPL 
at similar injected mass ranges (Figure 8). While much of the variance was explained for both TG and 
DG, there was much greater standard deviation was seen at the high end of concentration for TG. 
Notably, no PA, PG, SM, Cer, or MG compound classes were detected in these krill samples; however, 
the calibration curves for PC 18:1/18:1, PC 18:2/18:2, PA 14:0/14:0, PG 16:0/18:1, SM 16:0, Cer 18:0, 
and MG 20:4/0:0/0:0 are presented here as proof that linearity resides over a wide range of 
concentrations and different compound types with this instrumentation and methodology.  
 
Quantified Intact Lipid and Identified Lipid Classes 
 LipidSearch results from the experimental samples yielded hundreds of molecules between the 
positive and negative detection modes for each individual sample. For the late spring experiment, 152 - 
228 compounds were detected in positive ion mode, and only 6 - 88 in negative ion mode, depending on 
the sample. After samples were aligned and software filters were applied, 70 compounds remained; and 
finally, after combining geometric isomers for the sake of simplicity, 62 different compounds remained. 
Similarly, for the early summer (ESu) experiment, there were initially 190 - 238 compounds detected in 
positive ion mode with 59 - 88 in negative in these samples, alignment and filtering reduced the total 
number to 75, and combining isomers capped the final count at 70 compounds. It should be noted that  
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there exists the potential for elimination of low-abundance, legitimate compounds, as stringent filters 
were applied to reduce the amount of false positives.  Combined GPL and GL concentrations ranged 
from 22 - 43 mg / g wet weight in LSp, and 113 – 169 in ESu (Figure 9, Table 7), and decreased overall 
between the T0 and Tf time points by 22% (LSp) and 30% (ESu). Individual weights were not available, 
but composited averages of lipid per krill spanned 1.8 - 2.8 mg / ind for LSp, or 12.5 - 20.6 mg / ind for 
ESu. The most abundant lipid class in both experiments was the phospholipid contingent, with the PC 
subclass comprising the majority of the GPL (66 - 74% for LSp and 59 - 63% for ESu; Figure 9, Table 7). In 
the spring (LSp), DG (11 - 14%) was the next most abundant compound class, followed by PE (9 - 14%), 
TG (4 - 6%), and finally, PS (1 - 2%). The order of relative abundance was similar for the summer 
experiment, except TG was more abundant than the PE component: 17 - 19% DG, 11- 14% TG, 7 - 12%  
PE, and 0.2 - 0.4% PS. 
 
Stereospecific Arrangement of Fatty Acids within Subclasses 
 Six fatty acids (14:0, 16:0, 16:1, 18:1, 20:5, and 22:6) equated to 94 - 97% (LSp) and 90 - 94% 
(ESu) of the total fatty acids (concentration). Remaining FA - were condensed into “other” (12:0, 14:1, 
16:2, 18:0, 18:2, 18:3, 18:4, 20:0, 20:1, 20:4, 22:1, 22:5, and 24:1). Each FA’s stereospecific distribution 
among the intact lipid structures is graphically displayed by concentration and relative abundance for 
the two experiments. Quantities are summarized by temporally averaging the concentrations (Figure 
10A) and relative abundances (Figures 10B and 10C) at each of the intact lipid positions (sn1 and sn2 for 
PC, PE, PS and DG and sn1, sn2 and sn3 for TG); i.e., the average concentrations of 20:5 FA at every 
intact lipid position were quantified and graphed in Figure 10A; in Figure 10B the relative abundance of  
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20:5 at each of those positions is graphed. All of the “other” FAs are unpacked in Fig 10C and graphed by 
relative abundance at each position. In both experiments, the main FAs follow the same order of 
abundance: 20:5 > 16:0 > 18:1 > 16:1 > 22:6 > 14:0.  The summed concentration of the “other” is much 
closer to that of 22:6 in the ESu krill than in the LSp. Notably, within the “other” category, the 22:5 FA 
was not detected in the LSp krill, and the 20:0 and 20:4 FAs were not detected in ESu krill, as noted by 
the absence of bars in the far right graphs.  
 Looking more broadly, polyunsaturated fatty acids (PUFAs) tended to be in the sn2 position, and 
were heavily weighted toward the PC subclass. Eicosapentanoic acid (EPA; 20:5 FA) was the most 
abundant FA in both experiments and was mostly relegated to at the sn2 position of PC with smaller 
concentrations at the PE sn2 and DG sn2 positions. Whether due to developmental phase or food 
availability, a greater proportion of 20:5 was shunted to the sn1 and sn2 positions of DG in ESu krill as 
compared to krill from LSp. Docosahexaenoic acid (DHA, 22:6) was largely distributed amongst the sn2 
positions within PC, PE, and DG. Again, 22:6 shifted into the sn2 spot of DG, and out of the sn2 spot of 
PE, in the transition from LSp and ESu; however, unlike 20:5, the abundance at the sn2 position in PC 
increased for 22:6. DHA was completely absent from TG. Most low-abundance PUFAs (16:2, 18:2, 18:3 
(ESu only), 20:4 (LSp only), and 22:5) were in the sn2 slot. Two PUFAs buck the trend toward sn2 
location: 18:3 was only in the sn3 position in TG, and18:4 was either located at the sn1 or sn3 positions 
in the lipid subclasses in which it was identified (PC, DG, TG). 
 Monounsaturated fatty acids (MUFAs) were distributed more equally between external (sn1 and 
sn3) and sn2 slots, and were not as heavily weighted toward PC as the PUFAs tended to be. The two 
primary MUFAs, 16:1 and 18:1, were largely confined to the outer positions in PC, PE, DG and TG with 
minor contributions to the sn2 positions of PC and DG. One intact PS contained 18:1, but no 16:1 was 
detected in PS. All 14:1 was restricted to TG and occupied either the sn2 (LSp) or the sn1 and sn2 
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positions (ESu). All of 20:1 was found in PC sn1 throughout LSp, but was more widely distributed during 
ESu between PC and DG (sn1), and PE (sn1 and sn2). In both experiments, 22:1 was only identified at PC 
sn2, and 24:1 only at PC sn1. 
 Many of the saturated fatty acids (SFAs) tended toward the outer positions in the five lipid 
subclasses, but this was particularly noticeable for 16:0, which was overwhelmingly located at PC sn1 
(~80% in both experiments). Small quantities of 12:0 were only found at TG sn2 in both experiments. 
The 14:0 was heavily at the sn2 slot of TG in ESU; in LSp, it was spread out between the sn1 and sn2 
spots in PC and sn2 and sn3 in TG. In LSp, 18:0 was located at PC sn1and, PE sn1 and sn2, but it 
disappeared from PE in ESu, relocating to sn1 in DG. The 20:0 was only seen in LSp and relegated to PC 
sn2. 
 Polyunsaturated fatty acids dominated PS composition. Four PS compounds were identified in 
LSp. Two of them had either 18:1 or 16:0 at the sn1 slot; all other positions were occupied by 20:5 or 
22:6. The two compounds identified in ESu only contained a combination of 20:5 and 22:6. 
 Shifting from specific FAs to the stereospecific positions themselves, the top three most 
abundant fatty acids at each position were determined for each lipid class (Table 8). All fatty acids 
located at a position are summed (concentration) and the top three FA are listed with the associated 
relative abundance. Overall, PUFA are the most prominent FA at sn2; specifically, 20:5 was the most 
abundant for PC and DG while 22:6 was the most abundant for PE and PS. MUFA are the second most 
abundant sn2 FA in PC and DG, but PUFA are second for PE and PS, when applicable. TG did not follow 
the same trend as the other subclasses – the sn2 position was dominated by saturated fatty acids, 
specifically 14:0. In LSp samples, 14:0 or 16:1 were the most abundant FA on the sn1/sn3 positions, with 
PUFAs (20:5 or 18:4) as the second most abundant.  In ESu, 16:1was the most prominent FA at the 
outside spots, followed by either 14:0 or 18:4. 
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Table 8: Relative Abundances of Stereospecific Fatty Acid Prevalence (Temporal Average) for  
T. raschii from the late spring (LSp) and early summer (ESu) experiments. The top three most abundant 
fatty acids observed at a given position (sn1, sn2, and sn3, when applicable) on the glycerol backbone of 
the each type of intact compound are listed for the late spring (LSp) and early summer (ESu) krill. 
Relative abundance (temporal average) of stereospecific fatty acid prevalence taken over all six sample 
times for that fatty acid – calculated from concentration – as compared to the other fatty acids at the 
position, is given in parentheses. Relative standard deviation from the temporal average of ≥ ±4 % are 
denoted by (*) and those ≥ ±10 %, denoted by (**). 
 
 
Glycerophospholipids (GPL) 
 
Late Spring Early Summer 
Hdgrp PC PE PS PC PE PS 
sn2 
20:5 (50%)  
18:1 (22%) 
16:1 (15%) 
22:6 (63%)    
20:5 (27%)*   
18:0 (10%) 
22:6 (71%)** 
20:5 (29%)**  
N/A 
20:5 (52%)  
18:1 (17%) 
22:6 (11%) 
22:6 (37%)*  
20:5 (33%)* 
16:0 (15%) 
22:6 (100%) 
N/A            
N/A 
sn1 
16:0 (55%)*  
16:1 (17%) 
18:1 (16%) 
18:1 (43%)*  
22:6 (24%)*  
16:0 (13%)* 
22:6 (47%)** 
20:5 (24%)* 
16:0 (17%)* 
16:0 (57%)  
18:1 (18%) 
16:1 (12%) 
18:1 (56%)  
20:5 (17%)  
16:0 (7%) 
22:6 (68%)* 
20:5 (32%)*   
N/A 
       
       
       
Glycerides (GL) 
  
 
Late Spring Early Summer 
  
 
DG TG DG TG 
  
sn3 N/A 
14:0 (57%)** 
20:5 (19%)* 
16:1 (12%) 
N/A 
16:1 (55%) 
14:0 (26%) 
16:0 (12%) 
  
sn2 
20:5 (54%)* 
18:1 (21%) 
16:1 (11%) 
14:0 (84%)* 
16:2 (14%)* 
12:0 (2%) 
20:5 (64%) 
22:6 (15%) 
18:1 (14%) 
14:0 (93%) 
16:2 (3%)  
12:0 (3%) 
  
sn1 
18:1 (34%) 
16:0 (34%) 
16:1 (17%)* 
16:1 (59%)** 
18:4 (23%)* 
16:0 (19%)* 
18:1 (35%) 
20:5 (29%) 
16:0 (19%)* 
16:1 (86%) 
18:4 (14%) 
N/A 
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Fatty Acids and their Combinations within Lipid Subclasses 
 To condense interpretation of FA analysis, compounds were placed into three categories based 
on degrees of saturation: no double bonds (saturated fatty acids; SFA or S) one double bond 
(monounsaturated fatty acids; MUFA or M), and those with two or more double bonds (polyunsaturated 
fatty acids; PUFA or P).  Abundances of the lipid subclasses with respect to their fatty acid composition 
type were tracked through both experiments (Figure 11). For brevity, fatty acid sets were treated as 
combinations, not permutations; for example, the PC with mixed acyl group labeled “1 S + 1 M” includes 
PC with both S/M and M/S permutations. Additionally, three-member combinations were restricted to 
TG, and again, combinations were not sorted to the stereospecific level in this figure. Looking broadly at 
the fatty acid (FA) combinations, mixed fatty acyl groups (1 S + 1 M, 1 S + 1P, and 1M + 1 P) were more  
prevalent than any homogenous combination of fatty acids in PC, PE, DG and TG. While it is listed for the 
sake of completion, no compounds were identified with FA combinations that were entirely SFA-based. 
 Based on concentration, mixed moieties accounted for ≥79 % of PC molecules in LSp and ≥83 % 
in ESu. The bulk of the mixed acyl came from the pairing of a saturate with a polyunsaturated; 
specifically, PC 16:0/20:5 was the overwhelming contributor to that group. The 18:1/20:5 PC accounted 
for most of the MUFA/PUFA set. As compared to ESu krill, LSp krill had a larger portion of the PC pool 
allocated to the SFA/MUFA group, which was due to PC 16:0/16:1. 
 In late spring krill, the PE subclass heavily favored mixed moieties, specifically, the combination 
of one MUFA with one PUFA. That proportion was even greater in the early summer krill. This was due 
largely to two compounds: 18:1/20:5 (early summer krill) and 18:1/22:6 (both krill sets) (Appendices F 
and G). PS was split between mixed moieties and homogenously polyunsaturated combinations in LSp, 
but was relegated only to polyunsaturated combinations in ESu. PS 22:6/22:6 was the more prominent 
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of the two members in LSp and ESu. Interestingly, concentrations of both of the PUFA-paired PS 
(22:6/22:6 and 20:5/22:6) increased over time in both experiments (Appendices F and G).  
 Diglycerides combinations were more evenly distributed among the FA moieties. In late spring 
krill, DG pairs showed a shift in relative abundance from MUFA/PUFA to SFA/PUFA throughout the 31-
day experiment. Early summer krill shifted from MUFA/PUFA and PUFA/PUFA to SFA/MUFA and 
SFA/PUFA pairs over the 19 days.  DG 18:1/20:5 was the most abundant compound in both experiments. 
In the early summer krill, the two PUFA pairs (DG 20:5/20:5 and 20:5/22:6) contributed almost equally, 
in terms of concentration, as the two primary MUFA/PUFA pairs (16:1/20:5 and 18:1/20:5) in the 
summer krill. DG 16:0/20:5 accounted for most of the SFA/MUFA concentration in late spring (LSp). 
 TG in LSp and ESu fundamentally differed in terms of the type of compounds that dominated. 
Late spring lipids primarily consisted of SFA-based TG, specifically 16:1/14:0/14:0, whereas MUFA-based 
compounds – mainly, 16:1/14:0/16:1 – dominated in early summer krill. Even though there were 
considerable differences between the relative abundance of contributing compounds within a single 
experiment did not fluctuate greatly. 
 
Qualitative Summary of Intact Lipids and Experimental Crossover 
 Intact lipids were remarkably coherent between samples within the same experiment and 
between samples in the two experiments. Of the 62 and 70 compounds detected in the LSp and ESu 
samples sets, 45 intacts were common to both (Figure 12; Appendix H). Those 45 compounds account 
for the bulk of the intact lipid pool (total concentration in mg lipid / g wet weight); specifically, between 
85 - 91% of the spring (LSp) experiment lipid and 76 - 80% of the summer (ESu) experiment lipid. Of the 
overlapping lipids, PC 16:0/20:5 comprised the largest percent of the combined GPL and GL make-up 
(both experiments), with it holding a slightly larger percentage with the summer animals. Top ten most 
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abundant molecular species at each time point during LSp and ESu are arranged in Table 9. Most of the 
compounds belong to the PC subclass, but depending on the experiment and time point, PE, DG, and TG 
also make the list. In LSp krill, the bulk of the list is PC, primarily featuring compounds with MUFA, 
specifically 16:1 and 18:1. One PE is present throughout all time points (PE 18:1/22:6). Early summer 
(ESu) krill, also feature a large number of PC compounds, but DG and TG have a greater presence. Intact 
GL TG (16:1/14:0/16:1) is the second or third most abundant compound, depending on the time point. 
Diglycerides featuring 20:5 are also very prominent, with minor contributions from PE containing PUFA 
mixes with either 18:1 or 20:1). One of the most intriguing findings is that one molecule, PC 16:0/20:5, 
was consistently the most abundant, and comprised 18 - 21% of the total intact lipid pool, among all krill 
samples, regardless of the experiment (late spring or early summer). This compound may have an 
important role to play in membrane structure given its prevalence in all T. raschii samples at consistently 
high abundances. The EPA at the sn2 position suggests that this compound could have antioxidant  
properties, and the mixed acyl pair of fatty acids – one SFA and one PUFA – suggests its freezing point 
could be slightly warmer than -27 °C based on the fact that the Tm for 16:0/22:6 PC is -27 °C (AvantiPolar 
Lipids).   
DISCUSSION 
Comparison of 2010 T, raschii with 2016 T. raschii and Other Intact Literature Values 
 Literature addressing the intact lipid composition of krill using LC-ESI-MS/MS is limited, at this 
time, but some information regarding the distribution of phospholipids is available. One paper analyzed 
the intact phospholipids of krill oil extracts from over the counter supplements, which are generally 
derived from the Southern Ocean species Euphausia superba (Le Grandios et al., 2009).  
 Measurements similar to those made here were made on singular krill samples collected by 
during the summer of 2016 in the Bering Sea (Harvey et al., 2019). Individual ITL concentrations ranged  
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Table 9: The top 10 most abundant intact molecules in each experiment are listed for the late spring 
(LSp; top table) and early summer (ESu; bottom table) experiments. Blank boxes indicate only that the 
lipid did not place in the top 10 for that time point. Rank position is indicated by color with red being the 
most abundant and dark gray being the least abundant. Compounds quantifiable in all time points for 
that particular experiment were indicated by (*). 
 
Intact Lipid Relative Abundance (%) 
  Late Spring (LSp) Krill 
 
Ranked 
Abundance Intact Lipid LSp-T0 LSp-T1 LSp-T2 LSp-T3 LSp-T4 LSp-Tf 
 PC(16:0/20:5)* 18.05% 19.56% 20.25% 17.56% 20.67% 18.46% 
 
1 
PC(16:0/16:1)* 8.61% 6.70% 8.38% 7.92% 9.24% 8.54% 
 
2 
PC(18:1/20:5)* 7.68% 6.09% 7.97% 7.78% 8.11% 7.16% 
 
3 
PC(16:0/18:1)* 8.16% 6.74% 6.50% 8.20% 7.71% 6.35% 
 
4 
PC(16:1/18:1)* 4.33% 5.75% 4.90% 4.69% 4.04% 4.55% 
 
5 
PC(16:0/22:6)* 5.65% 4.01% 4.21% 4.92% 4.20%   
 
6 
PC(16:1/16:1)* 3.63% 4.22% 5.08% 4.75%     
 
7 
PE(18:1/22:6)* 5.12% 4.05% 3.39% 2.53% 2.67% 1.71% 
 
8 
PC(16:1/20:5)* 5.05% 4.49% 2.52% 3.18% 1.92% 0.96% 
 
9 
PC(18:1/18:1)* 2.42%           
 
10 
PE(22:6/20:5)   
 
  2.22% 2.08% 2.37% 
  TG(16:1/14:0/14:0)*   
 
  
 
2.41% 
   PC(18:0/20:5)   
 
  
 
  2.64% 
  PC(20:5/20:5)*   2.42% 1.60% 
 
  
   DG(16:1/18:1)*   
 
  
 
  0.48% 
     Early Summer (Esu) Krill 
  Intact Lipid ESu-T0 ESu-T1 ESu-T2 ESu-T3 ESu-T4 ESu-Tf 
  PC(16:0/20:5)* 21.0% 20.2% 19.3% 20.0% 21.2% 20.3% 
  TG(16:1/14:0/16:1) 6.9% 5.4% 6.5% 6.3% 7.4% 6.9% 
  PC(18:1/20:5)* 6.5% 6.7% 6.3% 6.5% 6.5% 6.4% 
  DG(18:1/20:5)* 3.9% 3.4% 3.0% 3.4% 3.2% 3.0% 
  DG(20:5/20:5)* 3.7% 3.6% 3.1% 3.0% 3.5%   
  PC(16:0/18:1)* 3.6% 4.0% 5.5% 4.4% 3.5% 4.4% 
  PC(16:0/16:1)* 3.4% 3.4% 4.1% 4.7% 3.3% 4.0% 
  PC(16:0/22:6)* 3.4% 4.0% 3.8% 4.6% 4.5% 4.0% 
  PC(16:0/22:5) 3.1%       3.3% 2.9% 
  PC(16:1/18:1)* 3.0%   3.3% 4.2%   3.3% 
  TG(16:1/14:0/14:0)*     
 
  3.1%   
  PE(18:1/20:5)   2.9% 
 
      
  PE(18:1/22:6)*   2.8% 
 
    2.9% 
  PC(18:1/18:1)*     
 
2.9%     
  PE(18:4/20:1)   
 
4.2% 
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from 46.7 - 90.3 mg lipid / g wet weight for T. raschii (n=4) with a mean of 59.3 ± 20.7 (Figure 13). The T. 
raschii in the 2016 sample set contained less ITL on a wet weight basis, as compared to those in this 
study. While PC and TG were dominant both for krill in this study and those from 2016, the TG, rather 
than PC, was found in higher abundance for 2016 individuals. Additional lipid classes were also detected 
in the 2016 samples that were absent from those in 2010. Seasonally-linked reproductive differences 
between the 2010 experiments and the 2016 individuals could explain the differences in summed lipid 
concentration and lipid class dominance. Also, as the 2016 T. raschii were not depurated prior to 
freezing, prey items in the gut could be responsible for the lipid classes seen in these krill. Due to a 
software glitch with a later version of LipidSearch (v4.1.3 with SP1), it was not possible to evaluate PE in 
the 2016 krill, leaving its overall contribution to the lipid subclasses unknown (Table 10). This may have 
also contributed to the lower lipid concentration of the 2016 krill. 
 Both the lower lipid concentration of the individuals collected in 2016 and TG supplanting PC as 
the dominant lipid, could be due to seasonally-linked differences or in life stage, e.g. younger cohort, 
reproductively active. Potentially, the 2016 krill could have already spawned for the season. Other 
Bering Sea krill, e.g. E. pacifica and T. inermis, transfer PL to their eggs. It is possible that T. raschii use 
the same strategy, relocating PC for reproduction. Transfer of GPL to eggs could leave a deficit in spent 
females, resulting in TG as the dominant lipid class. PC was the dominant lipid subclass in the 2010 
experiments; every time point consisted of reproductively active krill, and the ESu samples had visible 
lipid stores. 
 Krill in Harvey et al. (2019) comprised the same primary fatty acids as the krill from the 2010 
experiments did, namely C14:0, C16:0, C16:1, C18:1, C20:5, and C22:6. In terms of stereospecific 
allocation of fatty acids polyunsaturates, specifically 20:5 and 22:6, dominated the sn2 positions of 
glycerophospholipids and diglycerides, just like the T. raschii from the 2010 experiments. The primary PC  
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Figure 13: Relative abundance of the major lipid classes and concentration of intact lipid (per gram of 
wet tissue) of individual T. raschii collected in the Bering Sea during the summer of 2016 
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Table 10: Relative Abundances of Stereospecific Fatty Acid Prevalence (Temporal Average) for T. raschii 
from 2016. The most abundant fatty acids observed at a given position (sn1, sn2, and/or sn3, when 
applicable) on the glycerol backbone of the each type of intact compound are listed for 2016 T. raschii. 
In parentheses, the average relative abundance of that fatty acid – calculated from concentration – as 
compared to the other fatty acids at the position, is given. 
 
Glycerophospholipids (GPL) 
 Hdgrp LPC PA PC PG PI PS 
sn2 N/A 
22:6 (51%) 20:5 (43%) 20:5 (100%) 20:5 (94%) 22:6 (69%) 
20:5 (43%) 18:1 (28%) N/A 20:4 (4%) 20:5 (31%) 
18:1 (6%) 22:6 (14%) N/A 18:2 (2%) N/A 
sn1 
20:5 (45%) 22:6 (50%) 16:0 (43%) 16:0 (100%) 18:1 (56%) 22:6 (43%) 
18:1 (29%) 18:1 (31%) 18:1 (22%) N/A 16:0 (41%) 20:5 (17%) 
22:6 (21%) 16:0 (16%) 20:5 (13%) N/A 20:5 (3%) 18:0 (15%) 
 
 
 
Glycerolipids (GL) 
  DG TG 
sn3 N/A 
16:0 (46%) 
16:1 (15%) 
18:1 (14%) 
sn2 
20:5 (74%) 18:1 (49%) 
18:1 (25.6%) 16:1 (32%) 
18:0 (0.3%) 14:0 (14%) 
sn1 
16:0 (54%) 16:0 (63%) 
18:1 (42%) 16:1 (21%) 
18:0 (2%) 18:4 (4%) 
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compound was 16:0/20:5, just like the 2010 krill, which further reinforces the idea that there may be a 
set of intact lipids that this krill species defaults to. Krill from both years also shared the primary PS 
combination (22:6/22:6). The prominent fatty acids in TG fall into the same category (two SFA and one 
MUFA) as those detected in the LSp krill; however, instead of 14:0 and 16:1 as the dominant 
components, 16:0 and 18:1. 
 Qualitative analyses of intact GPL found in extracted oil from the Antarctic krill species 
Euphausia superba, and from krill oil in a separate body of work, yielded a number of molecular species 
that were also prominent in this study. In the work by Le Grandois et al. (2009), krill oil obtained from 
Nestec SA (Lausanne, Switzerland) showed the most abundant PC to be 16:0/20:5 (32.4% of total PC), 
followed by 16:0/22:6 (11.9%), 18:1/20:5 (7.4%), 18:0/18:2 (6.6%), and 16:0/18:1 (5.9%). In these 
results, late spring and early summer T0 krill all exhibited 16:0/20:5 as the most common PC moiety. In 
late spring krill, the second and third most common were 16:0/18:1 and 18:1/20:5, respectively. In a 
study by Winther et al. (2011), the most abundant PC found in E. superba krill oil was 16:0/18:1, 
followed by 16:0/20:5 and then 16:0/22:6. These fatty acid combinations could be reflective of a 
combination of both the distribution of seasonal prey available (e.g. ice or pelagic diatoms versus 
smaller heterotrophs), and seasonal lipid storage (reproductive followed by long-term storage). 
Regardless, it is interesting, but not very surprising that there are at least a few intact GPL that seem to 
be common to polar krill overall. 
 Examining intacts from other crustaceans, Rey et al (2015) compared eggs of two estuarine 
crabs – Carcinus maenas and Necora puber – at two stages to track the change in lipid classes as larval 
development progressed. At both stages, MUFA dominated their fatty acid pool, followed either by SFA 
or HUFA, depending on the species. Lipid classes were dominated by PC, followed by PE, and then 
smaller amounts of SM and LPC. At stage 3, cardiolipin (CL) and phosphatidylinositol (PI) also made an 
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appearance. No CL or PI were observed in T. raschii, at this adult stage, but it is possible they may play a 
role in development during the egg stage, as they did with those estuarine crabs. 
  
Comparison of Hybrid Orbitrap Results with Iatroscan and Quadropole Mass Spectrometer Results 
 Individual weights were not available, but the composited average lipid per individual krill in this 
analysis (1.8 - 2.8 mg/ind for LSp, or 12.5 - 20.6 mg/ind for ESu) wet weight concentration fell within the 
established values from other studies (Harvey et al 2012, and refs therein). Few comparisons are 
available for concentrations normalized to wet weight, but an average of 31 mg/g WW found for T. 
raschii in Henderson et al (1982) fell within range of the LSp measurements provided here. 
 Discrepancies between total lipid concentrations from Chapter 2 and the lipid concentration in 
this chapter are largely due to the greater accuracy of the Orbitrap as compared to the Iatroscan. 
Accuracy is particularly important given the caveats of the MASE methodology. In a traditional Bligh and 
Dyer extraction process, water is included in the solution of solvents used for extraction, and the water 
layer that forms with the addition of more organic solvent is used to partition the largely hydrophobic 
total lipid suite from the remaining hydrophilic compounds. With microwave extraction, the aqueous 
addition and partitioning steps are omitted. Using the Iatroscan, other compound types, e.g. proteins, 
with somewhat similar polarity may have eluted with the polar lipids, artificially elevating the 
concentration of total lipid for the sample. None of the compounds are directly identified when 
quantifying with the Iatroscan; quantification relies on alignment of retention times with externally run 
lipid standards, which makes detecting impurities difficult. With the Orbitrap, the sample is not only 
filtered in-line with an LC column and guard cartridge, which isolates compounds with the desired 
polarity, but quantification occurs through identification of each compound with the Lipid Search 
software, which reduces the incidence of falsely positives.  
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 Discrepancies in total lipid also come from the compound classes targeted with each method. 
Wax esters were not quantified with the Orbitrap method, as it is aimed at phospholipids and glycerides. 
In Chapter 2, wax esters accounted for ≤ 5% of the total lipid, but if the total lipid is overestimated, it 
may account for a larger proportion. In the future, a separate wax ester method will be applied to these 
samples to include waxes. This will be important for krill species like T. inermis for which wax esters 
contribute considerably to the total lipid in the adult population. For this to be applied to krill like T. 
raschii, identification libraries will need to include phytol-based wax esters, which make up the bulk of T. 
raschii’s stores (Falk-Petersen et al., 1981; Pleuthner et al., 2016). It is important to note that these lipid 
concentrations should be a little lower than those from Chapter 2 because wax esters were not 
quantified.  
 In the GC-MS and GC-FID analyses of the polar fraction of hydrolyzed lipid revealed seven fatty 
acids accounted for ≥86 % of the total fatty acids (Chapter 2): 14:0n, 16:0n, 16:1(n-7), 18:1 (n-7), 18:1 (n-
9), 20:5 (n-3), and 22:6 (n-3). These results agree with what the Orbitrap detected, and LipidSearch 
identified, as the top contributors to the FA pool. The GC method does have the advantage of more 
easily identifying the double bond position, which is especially important for assigning dietary sources 
for monounsaturated fatty acids like the 20:1 fatty acid. Additionally, it does seem easier to identify low 
abundance FA, as results are manually identified. An obvious caveat for the intact lipid analysis is that 
double bonds were not identified within the intact lipid fatty acids during Orbitrap analysis. Prior 
determination of double bond locations, would allow one to distinguish between different FA isomers, 
which is important, especially for providing insight into the nature of those fatty acids and the 
proportions that various isomers occur at different time points, e.g. 18:1(n-7) and 18:1(n-9).  
 
 
75 
 
Methodological Caveats 
 It is possible that the filters may have excluded intact lipids that were in low concentration or 
had low-quality identification matches. Regardless, these do not account for the majority of lipid that 
contributes to the krill make-up. When targeted analysis of a low-abundance compound is the goal, the 
samples may need to be concentrated and separately quantified from samples runs of the higher 
abundance compounds. Identification is also hinged on the breadth of the library’s spectral contents. 
For example, using a database designed for the medical industry may not contain spectra of fatty acids 
that may exist in the marine realm, like C28:8(n-3), which could leave some compounds of interest 
unidentified. Manual identification and quantification outside of the LipidSearch software may be 
needed.  
 Traditionally, low molecular weight biomarker work linking diet to the predator has relied on gas 
chromatography coupled with a mass spectrometer (MS) or a flame ionization detector (FID). These 
findings, especially with regard to the abundant fatty acids, agree well with analysis of hydrolyzed fatty 
acids, as is seen from the complimentary analysis from Pleuthner et al. (2016). Fatty acids have been 
attributed to different categories of phytoplankton, heterotrophic protists and microzooplankton, some 
bacteria, and even copepods, as mentioned with the 28:8 FA, for example. In these analyses, the 22:5 FA 
was absent from the LSp krill, and the 20:0 FA and 20:4 FA were absent from ESu krill. These FA were 
detected in both experiments in Chapter 2, but in the analyses, the contribution of those fatty acids to 
the total FA concentration was small. When targeting compounds that may be present in low 
abundance, lipid classes, or even subclasses, may need to be isolated and concentrated to detect fatty 
acids of interest. 
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Location of dietary fatty acids (intact lipids and stereospecific) and bioavailability at the sn2 position  
 Fatty acid distribution remains fairly similar over time within an individual experiment, e.g. 
throughout the whole of the late spring experiment. Any compound that contains 16:1 FA shows an 
overall decrease between the beginning and end of the experiment. This is particularly true for intacts at 
which 16:1 occupies both the sn1 and sn2 positions; in TG, there were no homogenously 16:1 
combinations. It is possible that 18:1(n-9), a fatty acid that could be transformed from 16:1(n-7) through 
elongation, might be increasing. If that is the case, it is masked by a decrease in other forms of 18:1. 
 The 18:4 FA was only detected only in TG. Crystophytes and primnesiophytes had large 18:4 (n-
3) stores and high concentrations of fatty acids (Viso and Marty, 1993; Volkman et al., 1989) with lower 
amounts found in diatoms, dinoflagellates, prymnesiophytes and chlorophytes. In a study by Araujo et 
al., 21% of n-3 PUFA were located at the sn-2 of TG, which differs from the results in this work as most 
of the FA at the sn2 position in TG are largely saturates, mostly 14:0 FA. Interestingly, 22:6 was absent 
from TG in both experiments. Similar to the results obtained by Falk-Petersen et al. (1991), 14:0, 16:0, 
and 18:1 fatty acids were most abundant. 
 Larger adults may start to shuffle PUFA into DG and TG for reproductive or storage purposes. 
The FA composition of TG changes when krill begin to prepare to mate or overwinter. This could be a 
combination of diet and potentially preparation for a period of lower temperatures where storage lipids 
that are still liquid at lower temperatures is advantageous. 
 A review paper by Tocher et al (2008) suggests that the fatty acid at the sn2 position may also 
increase the nutritional quality of the PC in teleost fish. GPL-rich diets, specifically those rich in PC, 
showed a positive influence on larval development and on larval and juvenile salmon on growth (De 
Santis et al., 2015 and ref therein). GPL are the best preferred vehicle upon which to deliver the EPA, 
DHA and ARA to juvenile fish (Sargent et al., 1997). 
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 Fatty acid composition in membrane-based phospholipids is characteristically heterogeneous – 
specifically, the mixed moiety is often SFA-PUFA. In these two krill experiments, PC 16:0/20:5 is the most 
concentrated lipid for all time points. It is responsible for 18 - 21% of the total LSp lipids and 19 - 21% of 
the ESu lipids (Appendices F and G), the consistency of which suggests that it may serve as the primary 
structural component in cells and/or serve double duty as the primary PC storage lipid as well. 
 
Exploration of known functions of PE and PS in crustaceans  
 Phosphatidylcholine is the most abundant lipid in euphausiids and other crustaceans, but the 
minor PE and PS components serve important roles in countering stresses and fortifying the immune 
system. In the shrimp Litopenaeus vannamei, PS is responsible for priming the immune response against 
bacteria (Yang and Pan, 2013). Physically, Chapelle (1986) showed that both PE and PS are important in 
crustaceans gill function. In fact, the phospholipids used to combat osmotic stress are even mobilized 
from stores in the gills and muscles, not from the hepatopancreas, which is the case in the estuarine 
crab, Chasmagnathus granulata (Luvizotto‐santos et al., 2003).  
 It is apparent that the 16:1 decreases through the course of the experiment. While 18:1 does 
decrease, it does not drop as precipitously as 16:1. Either the krill are holding onto it or 16:1 could be 
converted to 18:1, mitigating the loss. In order to verify this assertion, studies incorporating labeled 
fatty acids would be necessary to track krill metabolism. Here 14:0, 16:1 and 18:4 in early summer 
(haven for some of the more saturated fatty acids). Remarkably, despite overall decreases in PC 
concentration over time, as seen in Figure 9, the relative abundance of the different acyl groups in PC 
appeared to vary little throughout the course of each experiment. The larger animals show the 
beginning of accumulation of the classic summer storage lipids (TG).  
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New Questions and Future Studies 
 Isolating and extracting the intact lipids from beneath the krill’s carapace (within the thorax), 
where storage lipids reside, could allow for measurement of their thermodynamic properties. Measuring 
the transition temperature of krill storage lipids during thermotropic phase transition, followed by 
identifying and quantifying of the corresponding intact compounds, could provide chemical insight into 
the lower limits of temperature tolerances for these organisms. Of the three phospholipids subclasses 
examined here, PC has the lowest melting points, followed by PS and then PE, given identical saturated 
FA combinations (Avanti Polar Lipids). Additionally, the freezing point of fatty acids decreases as the 
degree of unsaturation increases and/or as the number of carbons decrease. That thermodynamic boon 
could partially explain the great abundance of PC in T. raschii – an organism that resides in arctic and 
subarctic regions. Changing the pairs of FA could allow krill to maintain the necessary homeostasis for a 
given season.  
 Additionally, a review paper by Pond (2012) suggests that the phase transitions of different lipid 
classes, specifically the TG, DAGE, and WE classes, may play an important part in regulating buoyancy in 
zooplankton. If availability of PUFA for buoyancy-controlling lipids like TG and WE lipids is reduced due 
to decreased contribution from dietary sources, it could affect the ability of zooplankton to engage in 
vertically migration, which could have far-reaching effects for predator-avoidance and changes in energy 
expenditure during the winter months. This observation extends to the two most prominent krill in the 
Bering Sea: the neritic T. raschii has much less WE than the oceanic T. inermis. 
 Antarctic copepods actively desaturate their wax esters in preparation for overwintering in 
deeper waters, where temperatures are lower and pressure from surrounding water is greater. It has 
been observed that copepods that migrate deeper have more wax esters than those that dive to more 
shallow depths (Pond and Tarling, 2012), and waxes are generally thought to assist in regulation of 
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zooplankton buoyancy. Given the fundamental importance of vertical migration, maintaining the 
minimum amount of lipid necessary for that activity could explain why the lipid concentration does not 
drastically decrease over the 19- and 31-day experiments. Pteropods, specifically clione, have been 
documented to survive over a year without food. Initially, proteins, and to a lesser degree, 
carbohydrates are metabolized at a faster rate than lipids (Böer et al., 2007). It is possible that under 
conditions of starvation, or near starvation, other zooplankton may react metabolically similarly. 
 Tracking the influence of different diets on lipid composition using isotopically labeled intact 
lipids could shine a spotlight on any shuffling of fatty acids between lipid classes, and between 
stereospecific positions. During a feeding experiment, one could examine whether dietary fatty acids 
tend to be partitioned to a particular lipid class; this could allow for more efficient food tracking. 
Additionally, comparing intact lipids between different life stages could provide insight into which 
compounds are most utilized for reproduction and lipid storage, and therefore, which fatty acids are 
most crucial for those functions. Finally, the hypotheses surrounding the biotransformation of individual 
fatty acids into new fatty acids, or even fatty alcohols, (e.g.  elongation of 16:1(n-7) FA to 18:1(n-7) FA or 
desaturation of 18:0 FA to 18:1(n-9) as per Falk-Petersen et al. (2000)) could be examined in depth. 
 Analyses similar to those listed above could be performed on krill eggs. Some intact lipids that 
were not detected in T. raschii have been identified in crab eggs, specifically, sphingomyelin, 
cardiolipins, and ceramides. The expansion of the range of intact polar lipids that can be identified and 
quantified using tandem LC-MS and software like LipidSearch allows us to examine their role in the early 
life stages of euphausiids and what contributions they may make to reproductive success.  
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CONCLUSIONS 
 The analysis of intact lipids and their components in krill using a more advanced approach as 
demonstrated here provides more detailed information regarding intact lipid (ITL), lipid classes, and 
their fatty acids (FA). It opens the door to understanding the link between specific intact lipids present 
as both structural and storage molecules and their fatty acid components, which often arise from 
dietary sources.  For example, in this chapter, the bulk of the two major polyunsaturated fatty acids – 
EPA and DHA – were located at the sn2 position of all phospholipids and diglycerides. Phospholipids are 
known to provide structural stability to cell membranes, may bind fatty acids pairs specifically in order 
to regulate membrane fluidity. Fatty acids at the stereospecific sn2 position are theorized to be the most 
bioavailable. For neutralization of free radicals in the case of PS and PE serving to maintain gill function, 
and for utilization of PUFAs in eggs during development, EPA and DHA primarily binding to the sn2 
suggests that those FA must be readily and quickly accessible. Triglycerides maintain more SFA and 
MUFA which suggests that they may pull largely from the early summer dietary pool, and access to 
PUFAs is not as crucial for function in these energy storage molecules. 
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CHAPTER 4 
 
ORGANIC MARKERS OF DIFFERENTIAL FEEDING STRATEGIES BY ARCTIC AND SUB-
ARCTIC EUPHAUSIIDS AND IMPLICATIONS FOR OVERWINTERING SURVIVAL AND 
HABITAT PREFERENCE 
 
ABSTRACT 
 
 Euphausiids are an essential link in the eastern Bering Sea food web between high primary 
production and upper level consumers. Two prominent species of euphausiids with differing habitat 
preferences are found in the region – Thysanoessa inermis and Thysanoessa raschii – and also exhibit 
different metabolic and dietary strategies. The high latitude krill species Thysanoessa raschii  
accumulates energy stores in the form of phospholipids and triglycerides throughout the summer and 
autumn seasons, but that deposit may not be sufficient for survival throughout the entire winter. To 
investigate supplementary food sources, krill, snow crab muscle tissue, surface sediment and water 
column samples were collected during different time periods from the Bering Sea (Spring and Summer; 
2008-2010) and Chukchi Sea (Summer, 2012). Detailed lipid analysis revealed the presence of steroidal 
hydrocarbon degradation products (i.e. sterenes) in sediments and known benthic-dwelling detritivores, 
but were absent from water column particles samples. Additionally, detection of these detrital products 
in the neritic krill species T. raschii suggests detrital feeding as a mechanism for their winter survival. 
Comparatively, T. inermis, the more oceanic species common to deeper waters, was devoid of these 
detrital markers of sediment feeding. Specifically, the sterene cholesta-3,5-diene, was found at 
concentrations of 81 – 750 ng / g wet weight in T. raschii and at concentrations of 63 –  405 ng / g wet 
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weight (WW) in the muscle tissue of Chionoecetes sp. (snow crabs), but at concentrations of  13 – 57  
ng / g DW in surface sediments. The sterene cholesta-3,5-diene is proposed as a marker of detrital 
feeding in T. raschii and other crustaceans in high latitude regions. 
 
INTRODUCTION 
 The Bering Sea contains three major euphausiids species that demonstrate niche partitioning, 
reflected in differing food preference, energy storage products, and dietary strategies. Thysanoessa 
longipes, is a largely predatory species residing in oceanic waters and exhibits more carnivorous dietary 
tendencies and is typically an oceanic inhabitant. The two more coastal species, Thysanoessa inermis 
and Thysanoessa raschii, are largely omnivorous and herbivorous, respectively, and show strong 
differences in habitat preference; lipid accumulation; and dietary trends. The pelagic T. inermis mostly 
reside in more saline waters 32 – 34 ppt at depths >200m and a wide range of temperatures, but mostly 
between 0 - 3.5 °C (Pinchuk and Coyle, 2008; Bi et al., 2015). They primarily subsist on algae for food, 
with occasional predation on copepods, accumulating large quantities of wax esters (WE) throughout 
the late summer through early autumn in preparation for the overwintering period (Falk-Petersen, 1981; 
Hirche et al., 2015). Thysanoessa inermis also maintains a high overall concentration of lipid (e.g. Falk-
Petersen et al., 2000; Harvey et al., 2012). Starvation experiments with T. inermis have shown that 
animals can survive in the absence of food for over two months by relying on their large lipid stores, 
which take the form of wax esters (10-18% of total lipid; Harvey, unpublished data). In contrast, 
Thysanoessa raschii, is the most abundant species of euphausiid in the Bering Sea, reside in neritic 
waters in fresher waters than T. inermis (31.5 – 32.5 ppt) at temperatures of <1 °C (Bi et al., 2015). 
Thysanoessa raschii also utilize a much wider range of food resources than T. inermis, including algae, 
other zooplankton, detrital matter, and marine snow, etc. Triacylglycerols (TG) are the primary storage 
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lipid for T. raschii (1 - 5% of total lipid); however, it has been noted that phospholipids (PL) also serve in 
a similar capacity for energy storage, in addition to serving an important role in cellular structure 
(Saether et al., 1986; Pleuthner et al., 2016). Beyond their role in structural membranes, not much 
information regarding phospholipids is available; however, in T. inermis, the lipid stores in that 
organism’s carapace have been observed to be primarily phospholipid and wax ester (Harvey, 
unpublished data). Importantly, T. raschii does not maintain large lipid stores to survive periods of low 
food abundance which may be reflect its more cosmopolitan diet. 
 It has long been hypothesized that certain species of euphausiids utilize detrital matter as a food 
source during periods of algal scarcity (e.g. Falk-Petersen et al., 1981). This is particularly important in 
high latitude systems, such as the Bering and Chukchi Seas, where ice cover limits water column primary 
production for long portions of the year and animal survival is dependent on energy storage or 
alternative food consumption. While this theory has been widely accepted, direct evidence is limited.  
One obstacle has been the lack of definitive markers for sediment consumption where detrital material 
collects and degrades, rather than the water column where the degradation begins. During algal 
degradation, and accompanying sedimentation, a continuum in compositional changes is observed in 
algal material (e.g. Harvey et al., 1999) with few changes that might be assigned to surface sediments 
alone. To validate detrital consumption at the sediment-water interface, unique indicators are required 
that might reflect extended time scales associated with long-term sedimentary processes. 
As previously noted, lipids are versatile category of compounds. They can catalog energy storage 
in organisms; act as biomarkers for consumption of different algal and planktonic groups among oceanic 
organisms; or act as a tracer for degradation of organic material, providing a timeline for chemical and 
biological processes in living organisms and oceanic and estuarine systems, for example.  Among the 
array of organic markers present in sediments are the sterenes, which belong to a subset of 
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hydrocarbons called steroidal alkenes. Sterenes are among the initial transformation products of the 
structural lipid sterols that undergo diagenesis in sediment and are reduced to very chemically stable 
products, like steranes (Figure 14). These intermediate products of lipid degradation appear to form  
over intermittent time frames due to of bacterial metabolism, reaction with acidic sediments, or an 
increase in temperature of sediments (Rubenstein et al., 1975; Gagosian and Farrington, 1978 and ref 
therein). Incremental reduction of sterols into sterenes and then steranes in sediment environments  
have been chemically mapped in previous work, e.g. Edmunds et al., 1980; Gagosian and Farrington, 
1978,, and there is a diversity  of mechanisms of chemical pathways leading sediment-residing sterols to 
their final sterane breakdown products. The transition may begin with sterol oxidation leading to 
steroidal ketones; alternatively, the hydroxyl group may be removed entirely, resulting in the formation 
of a nearby double bond within that skeletal ring. Figure 1 from Edmunds et al. (1980) tracks different 
mechanisms by which sterols may be oxidized into steroidal ketones, or reduced into sterenes and 
steranes, etc. While the exact metabolic process is still unclear, hydroxylation and dehydration are two 
mechanisms proposed to play a part in the bacterial transformation of sterols to sterenes, and finally, 
the long-term products as steranes (Edmunds, et al., 1980). 
In this study, hydrocarbon sterenes were investigated in two euphausiids, T. raschii and T. 
inermis, as potential markers of sediment detrital consumption. For comparison, the presence of these 
structures was also examined in water column particles, the surficial sediments underlying areas of 
euphausiid collections and a known benthic consumer: the snow crab Chionoecetes sp. The presence of 
these organic markers can identify detrital consumption as a part of feeding strategies and differences in 
habitat preferences between species.  
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Figure 14: Illustrations of one potential biotrasformation pathway of surface sediment cholesterol into 
its sterane degradation product with the sterene as an intermediary 
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EXPERIMENTAL 
Sample collection 
Samples were collected from two regions: the eastern Bering Sea and the Hanna Shoal region of 
the Chukchi Sea (Figure 15; Table 11). Two species of euphausiids (Thysanoessa raschii and Thysanoessa 
inermis), water column particles, and surface sediments (top 1 cm) were collected throughout the 
eastern Bering Sea during spring and summer seasons from 2008 - 2010. When surface sediment was 
available, krill and particle samples from the same station and cruise were also analyzed. During the 
summer of 2012, as part of the Chukchi Sea Offshore Monitoring in Drilling Area in Hanna Shoal 
(COMIDA-HS) project, samples were collected from the region surrounding Hanna Shoal, including the 
western edge of Barrow Canyon. Specifically, snow crabs (Chionoecetes sp.) and surface sediments were 
collected from the shoal stations. Additionally, T. raschii; water column particles from the surface, 
chlorophyll maximum, and near bottom; and surface sediment were all collected from one station 
(BarC-5) in the Barrow Canyon region where the water depth was >100 m. Thysanoessa inermis were 
absent from all Chukchi Sea stations. Bongo nets (black 333 μm mesh) were the primary sampling 
apparatus for euphausiids, but a MOCNESS (black 500 μm mesh) and a ring net were occasionally used.  
Surface sediment was collected with a multi-corer, Van Veen grab, or a box corer, depending on 
sampling opportunity. Snow crabs were collected with a benthic trawl; muscle tissue from the right front 
leg and claw of each was removed and immediately frozen. Water column particles were collected from 
rosette-mounted Niskin bottles, equipped with a CTD and filtered onto pre-combusted (450 °C) glass 
fiber filters (GF/F, nominal 0.7 μm) and frozen until analysis. 
 To examine fecal material, five T. raschii individuals, collected at BarC-5 station, were incubated 
for 24 hours in 0.2 μm filtered sea water (FSW) to allow time for their guts to clear. These krill were 
isolated, and the fecal pellets were filtered onto a single 0.7 μm pre-combusted GF/F filters to 
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consolidate as much sample as possible for sterene analysis. All samples were frozen in a - 80 °C freezer 
until analysis. 
Krill samples from the Bering Sea were largely products of 24-hour feeding experiments or 
directly from the Bering Sea (full guts). Euphausiids analyzed in this work were incubated in 0.2 μm FSW 
for 24 hours to clear their guts as a baseline for the feeding experiment. Regardless, prior to freezing  
(-80 °C), morphological measurements – body and total length, sexual stage, species – were recorded.  
 
Sample extraction and analysis 
Sediment samples were lyophilized (freeze-dried) and weighed prior to extraction, whereas all 
water column particles on filters were extracted wet.  Tissue samples from euphausiids and snow crabs 
were extracted either wet or dry, but wet weight was always recorded.  Lipid extraction proceeded 
either via a modified Bligh and Dyer method (Belicka et al., 2002) or via the microwave-assisted solvent 
extraction (MASE) method (Harvey et al., 2012).  All total lipid extracts were filtered through combusted 
glass wool to remove sediment particles, filter pieces, or cellular debris prior to either storage in the -
80°C freezer or hydrolysis.  Base hydrolysis, lipid class partitioning, and derivatization took place as 
described in Pleuthner et al (2016).  Neutral lipids, specifically hydrocarbons, were identified using a gas 
chromatography system (Agilent 6890N or 7890A) with flame ionization detection and coupled to a 
mass spectrometer (Agilent 5973 or 5975C MSD) for structural determination.  Samples were quantified 
using an internal standard (5α-cholestane), added prior to extraction.  Sediment concentrations were 
normalized to both dry weight and organic carbon content where available. All tissue samples were 
reported in terms of ng/g wet weight for the sake of uniformity because not all samples were lyophilized 
prior to extraction.  Separately, mixtures of the internal standard and two sterene standards (cholesta- 
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Figure 15: Overview map of the Bering Sea and Chukchi Sea sampling sites for sterene analysis. 
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Table 11: Sample collection information for each of the sampling sites in the Bering and Chukchi Sea 
regions. Sample types collected at each station are abbreviated as follows: water column particles (WC), 
surface sediment (SS), snow crabs (SC), T. raschii (TR), T. inermis (TI), and fecal material (FM). 
 
 
Station Location Lat (°N) Long (°W) 
Stn Depth 
(m) 
Collection 
Date (ADT) 
Sample  
Type 
UP-3, #4 Bering Sea 54.423 165.148 137 7/4/2008 TI 
NP-6, #58 Bering Sea 58.131 168.970 70 7/14/2008 TR, WC 
NP-12.5, #78 Bering Sea 56.627 170.701 116 7/18/2008 TI, WC 
MN-8, #14 Bering Sea 59.909 172.129 70 4/9/2009 TR 
MN-19, #25 Bering Sea 59.900 178.910 650 4/12/2009 TI 
BL-4, #73 Bering Sea 59.543 175.028 133 4/27/2009 TI 
NP-13, #51 Bering Sea 56.510 170.878 128 6/23/2009 TR 
NZ-11.5, #55 Bering Sea 58.206 175.247 439 5/21/2010 SS, WC, TI 
70M-16, #111 Bering Sea 57.500 167.665 72 6/1/2010 TR, WC 
70M-29, #124 Bering Sea 58.617 170.279 73 6/2/2010 SS 
70M-52, #147 Bering Sea 61.413 173.728 73 6/4/2010 SS 
CN-6, #19 Bering Sea 56.892 164.059 72 6/20/2010 TR, WC 
H30, #11 Chukchi Sea 72.748 163.695 65 8/15/2012 SS, SC 
H6, #19 Chukchi Sea 72.162 163.583 39 8/16/2012 SS, SC 
H14, #26 Chukchi Sea 72.411 161.240 44 8/17/2012 SS, SC 
H16, #45 Chukchi Sea 71.909 160.925 39 8/20/2012 SS, SC 
H32, #52 Chukchi Sea 71.781 159.022 53 8/21/2012 SS, SC 
BarC5, #57 Chukchi Sea 71.418 157.484 123 8/22/2012 WC, TR, SS, FM 
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3,5-diene and cholesta-2,4-diene, Sigma Aldrich) were used to determine retention time of the 
compound class relative to the internal standard and to provide reference spectra. 
 
Particulate organic carbon and nitrogen analysis 
Water column particles were subsampled for both particulate organic carbon and particulate 
nitrogen (POC/PN) and lipids. In preparation for POC/PN analysis, filters were acidified drop-wise with 
6N HCl (aq) incubated in a desiccator for one hour, and dried at 60 °C overnight. Similarly, for sediments, 
approximately 0.5g of lyophilized sediment was acidified with 1 mL of 1 N HCl (aq) over 2 hours in a 
dessicator, dried at 60 °C for overnight, and measured for total organic carbon and total nitrogen 
(TOC/TN) by standard combustion methods. No POC/PN analysis was possible for the fecal pellets on 
filters due to the limited material amount produced. 
 
QA/QC for false positives 
 Measures were taken to assure the sterenes observed were not an oxidative byproduct of the 
sample preparation or extraction process.  Cholesterol (5α-cholestan-3β-ol) was spiked into the solvent 
extraction mixture and extracted with the MASE system to verify that the sterenes were not artifacts of 
the heat and pressure inherent to the extraction process. Alternative samples were also extracted both 
wet and dry to examine side reaction products. Additionally, it is not likely that the sterenes were lipid 
byproducts that formed during lyophilization because their presence is detected in like samples (i.e. T. 
raschii) regardless of whether they were extracted either wet or after freeze-drying. To verify retention 
time and spectra, two sterene standards (cholesta-2,4-diene and cholesta-3,5-diene; Sigma Aldrich) 
were run alongside samples. 
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RESULTS 
 Among the suite of samples analyzed,  cholesta-3,5-diene, was observed  among all surface 
sediments, snow crab, and T. raschii collected from both Bering and Chukchi Sea samples (see the 
example sterene in Figure 14). Other organic products exhibiting fragmentation patterns similar to those 
of sterene standards were also seen, but their identities could not be determined. Concentrations 
ranged from 81 - 750 ng/g WW for whole T. raschii and 63 – 405 ng/g WW for Chionoecetes sp. muscle 
tissue; surface sediment samples contained 13 - 57 ng/g DW of the sterene (Table 12).  Critical to its 
potential as a sediment detrital marker, the sterene was not detected among the eight water column 
particles analyzed or observed in T. raschii fecal pellet samples. Cholesta-3,5-diene and other sterenes 
were also absent from T. inermis and water column particle samples near krill collection, as might be 
expected. 
Bering Sea sediment samples showed higher concentrations of cholesta-3,5-diene when 
normalized to organic carbon (5.8 – 6.5 μg/g OC) than sediments from the Chukchi Sea region (2.1 – 3.8 
μg/g OC). On the basis of sediment dry weight, the concentration of sterene in the Chukchi Sea samples 
(13 – 57 ng/g DW) was close to that of the Bering Sea (13 – 47 ng/g DW). The slightly higher maximum 
concentration seen in the Chukchi samples is likely due to the fact that at the time of sampling, the 
Chukchi Sea surface sediments had a slightly higher percent of organic carbon (0.4 – 1.93 %; average 
1.27 ± 0.63 %) than the Bering sediments (0.22 – 1.28 %; average 0.74 ± 0.53), as the same mass of dry 
sediment was extracted for all samples (6.01 ± 0.01 g). Barrow Canyon station BarC-5, the only Chukchi 
Sea station where the T. raschii were found, had the highest organic carbon percentage of the sampled 
stations in that area, and an above-average concentration of cholesta-3,5-diene.  In the Bering Sea, 
station 70M52 along the 70 m isobath had both the highest percentage of organic carbon among those  
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Table 12: Sterene concentrations in samples from the Bering and Chukchi Seas. Note that n.d. = none 
detected. *Particles from the surface, chlorophyll max, and five meters above the bottom were 
analyzed, totaling three samples at this station. **Multiple individuals from the same station extracted 
and analyzed separately (n=1) 
Sample Station Location 
Collection Date 
(ADT) 
Sterene Conc 
(ng/g DW) 
Sterene Conc 
(ng/g OC) 
W
at
er
 C
o
lu
m
n
 
P
ar
ti
cl
es
 
NP-6, #58 Bering Sea 7/14/2008 n.d. n.d. 
NP-12.5, #78 Bering Sea 7/18/2008 n.d. n.d. 
NZ-11.5, #55 Bering Sea 5/21/2010 n.d. n.d. 
70M-16, #111 Bering Sea 6/1/2010 n.d. n.d. 
CN-6, #19 Bering Sea 6/20/2010 n.d. n.d. 
BarC5, #57* Chukchi Sea 8/22/2012 n.d. n.d. 
Su
rf
ac
e
 S
ed
im
en
t 
NZ11.5, #55 Bering Sea 5/21/2010 13 5875 
70M29, #124 Bering Sea 6/2/2010 39 6429 
70M52, #147 Bering Sea 6/4/2010 47 6494 
H30, #11 Chukchi Sea 8/15/2012 57 3113 
H6, #19 Chukchi Sea 8/16/2012 25 3824 
H14, #26 Chukchi Sea 8/17/2012 36 2690 
H16, #45 Chukchi Sea 8/20/2012 13 3750 
H32, #52 Chukchi Sea 8/21/2012 42 2771 
BarC5, #57 Chukchi Sea 8/22/2012 41 2118  
  Station Location 
Collection Date 
(ADT) 
Sterene Conc 
(ng/g WW) 
Individuals in 
sample 
T.
 in
er
m
is
 
UP-3, #4 Bering Sea 7/4/2008 n.d. n=3 
NP-12.5, #78 Bering Sea 7/18/2008 n.d. n=2 
MN-19, #25 Bering Sea 4/12/2009 n.d. n=8 
BL-4, #73** Bering Sea 4/27/2009 
n.d. n=1 
n.d. n=1 
n.d. n=1 
n.d. n=1 
n.d. n=1 
NZ-11.5, #55 Bering Sea 5/21/2010 n.d. n=9 
T.
 r
a
sc
h
ii 
NP-6, #58 Bering Sea 7/14/2008 213 n=5 
MN-8, #14 Bering Sea 4/9/2009 318 n=9 
NP-13, #51 Bering Sea 6/23/2009 456 n=10 
70M-16, #111 Bering Sea 6/1/2010 750 n=10 
CN-6, #19 Bering Sea 6/20/2010 519 n=10 
BarC5, #57** Chukchi Sea 8/22/2012 
568 n=5 
81 n=1 
218 n=1 
C
h
io
n
o
ec
et
es
 s
p
. 
H30, #11 Chukchi Sea 8/15/2012 235 n=1 
H6, #19** Chukchi Sea 8/16/2012 
149 n=1 
63 n=1 
H14, #26** Chukchi Sea 8/17/2012 
163 n=1 
104 n=1 
405 n=1 
H16, #45** Chukchi Sea 8/20/2012 
112 n=1 
206 n=1 
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 across the Bering and Chukchi Seas.  Its uniform absence in water column particles supports previous 
work that sterenes are not rapidly generated during initial algal degradation, but rather over longer time  
samples (1.28 %) and the highest concentration of the diene, regardless of the metric to which it was 
normalized. 
No sterenes were detected in the artifact control sample, which only contained extraction 
solvent and cholesterol. Additionally, the external cholesta-3,5-diene standard had the same relative 
retention time and spectrum as that of the compound present throughout many of the samples, as 
shown in this comparison of one of the T. raschii samples with the standard (Figure 16). Both the 
standard and compound of interest had spectra identical to published spectra for this sterene (e.g. 
Crews et al., 1997). 
 Cholesta-3,5-diene, and other suspected sterenes, were observed in krill and sediment samples. 
The internal standard carried with it a small quantity of impurity in the form of a cholesta-5-ene, as was 
seen in the blank and some samples, when the internal standard was added in high quantities. While 
this does not mean cholesta-5-ene is not present in natural quantities, it does disqualify it as a definitive 
marker within this study because any natural contribution could not be separated from the impurity in 
the internal standard. Fragmentation patterns similar to those of cholestane-like sterenes were 
observed in some peaks, but their identities could not be confirmed; furthermore, none of those 
compounds were present in all Chionoecetes sp., T. raschii, and in sediment samples. 
  
DISCUSSION 
 Sterene hydrocarbons are well known in the literature as markers of sedimentary organic 
material (Edmunds et al., 1980).  Cholesta-3,5-diene has been previously detected in sediment samples, 
and their production is generally accepted to stem from microbially-catalyzed mechanisms with a range 
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of structural lipids as the starting compounds  (Gagosian and Farrington, 1978; Edmunds et al., 1980). 
This is supported here by its presence in nine surface sediments at varying oceanic depths frames by 
microbial processes in surface sediments and below. Time scales in the western North Atlantic for 
microbial activity to act on sterol precursors were speculated to span 100 years or less by Gagosian and 
Farrington (1978). Cholesta-3,5-diene presence in the muscle tissue of a benthic omnivore Chionoecetes 
could be expected of a known detrital feeder given long term exposure and bioaccumulation, as a 
number of other ringed and aromatic hydrocarbons, such as PAHs, are known to accumulate in animal 
tissues of benthic feeders (Harvey and Taylor, 2017). These three lines of evidence suggest that the 
presence of cholesta-3,5-diene is a marker of detrital feeding at the sediment interface, be that from 
direct feeding or organic matter on the surface or perhaps by grazing on sedimentary detritus that was 
resuspended and caught in the nepheloid layer. Snow crabs (Chionoecetes sp.) are also a component of 
this analysis. These crustaceans are known detrital feeders; a study from Divine et al. (2014) has found 
that 75 – 90 % of the time, gut contents of snow crabs found in the Beaufort and Chukchi Seas contained 
detrital matter. Perhaps the reason cholesta-3,5-diene is so prominent is due to the fact that it may 
originate from cholesterol which is abundant is detrital matter which sinks to the sediment-laden 
seafloor. 
Thysanoessa raschii is a shallow water euphausiid that does not accumulate and maintain lipid 
reserves to the same extent at similar life stages as its deep-water Bering Sea counterpart T. inermis. 
Recent analysis of shipboard incubations have shown that T. inermis can survive starvation for over two 
months (Harvey, unpublished data), while lipid can decrease by 60% (per wet weight) based on the 31-
day T. raschii pulsed feeding experiments (Pleuthner et al., 2016). Thysanoessa inermis maintain much 
greater lipid stores, in the form of wax esters (10 – 18 % of their total lipid), than T. raschii whose  
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triacylglycerol lipid reserves only account for 1 – 5 % of total lipid. According to the works of Henderson 
et al (1981, 1982), at 15°C, T. raschii synthesizes lipid at one third of the rate of T. inermis, in which the 
authors used 14C-labeled glycose, alanine, and palmitic acid to track incorporation of the three 
substrates into krill lipid. 
It is hypothesized that T. raschii uses detrital matter as an alternative food source, particularly 
utilized during periods of food scarcity. The slow metabolism inherent to T. inermis, in conjunction with 
its abundant energy stores, suggests that it may not need to resort to detritus for food – an adaptation 
that makes sense given their deep-water habitat. It is also possible that the habitat contributes to the 
dietary habits of T. inermis. To the best of our knowledge, the maximum depths to which T. inermis 
vertically migrates are not available, though we know from this study and others (e.g. Agersted and 
Nielsen, 2014, the maximum depth is greater than 600m). It is possible that T. inermis do not migrate to 
the seafloor during winter – either due to physical limitations or the fact that they can meet their 
nutritional requirements at more shallow depths – and therefore would not be able to utilize that 
detrital matter as a food resource. Based on the evidence, the distinct differences in sterene presence in 
T. raschii, but not in T. inermis can likely be traced to a combination of Bering Sea niche partitioning and 
overwintering strategy (Figure 17). 
Krill participate in diel vertical migration, largely staying deeper in the water column, during the 
day and migrating to the surface to feed at night. Polar krill have been hypothesized to migrate more 
than once during a 24-hour period, a phenomenon with a number of proposed drivers for sinking to the 
bottom (e.g. satiety, predator avoidance) and variables that can influence the depths to which they rise 
during ascension (e.g. temperature and other physical water properties) and unknown motivators 
(Nakagawa et al., 2003; Swadling, 2006; Tarling and Johnson, 2006), though it is largely agreed upon that 
light appears to be the primary cue for zooplankton ascension to the surface waters. This pattern of  
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Figure 17: Proposed differential feeding strategies for Thysanoessa raschii and Thysanoessa inermis. 
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migration does not come without exception from other zooplankton that exhibit the same behavior. 
During periods of molting, some copepods have been known to spend extended periods of time at the 
seafloor, with the hypothesis that it is to avoid predation while they are in a vulnerable state. Some 
copepods, for example, were found to be distributed throughout the full length of the water column, 
regardless of the time of day; additionally, the same study also noted that feeding rates during daylight 
hours appeared to be higher for copepods feeding at the sediment surface than for those feeding under 
the sea ice (Nakagawa et al., 2003). This behavior would seem to disrupt the hunger/satiation 
hypothesis, which suggests that organisms move into food-dense areas to feed and then retreat to the 
depths to avoid predation (Swadling, 2006). If this unusual behavior has been observed in other 
members of the zooplankton community, it is possible that this could extend to T. raschii, especially 
during overwintering periods when sea ice extends over the majority of the Bering Sea.  
In the eastern tropical North Pacific, Wakeham et al. (1984) noted the presence of sterenes in POM 
collected from long term sediment traps. Concentrations were highest (0.015 pg/L) in the oxygen 
minimum zone (OMZ; 120-140m) where oxygen concentrations were ≤ 1 μmol/kg and σt ranged from 21 
- 30.  Eastern Bering Sea oxygen concentrations reach a minimum of 17 μmol/kg, which occur at depths 
of 600 – 1000 m (McKinnell and Dagg, 2010). If low oxygen is a primary driver of microbial degradation 
of POM then the Bering Sea water column environment, being flush with oxygen, may not drive bacteria 
to resort to enzymatic metabolism of sterols. Additionally, the eastern Bering Sea areas of interest reach 
depths of around 100 m, which may not provide sufficient time, given the rate of particle flux, for 
chemical or enzymatic action leading to sterene formation in the water column. Thorium-based 
measurements have placed the upper bounds of particle flux in the Bering during the spring and 
summer seasons at 18 ± 8 mmol C/m2/day for a depth of 100 m (Baumann et al., 2013). Other Thorium  
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measurements for the same region, seasons and years between 10 ± 8 mmol C/m2/day and 19 ± 17 
mmol C/m2/day (Baumann et al., 2012; Moran et al., 2012).  
Wakeham also observed a number of sterenes in the pelagic crab Pleuroncodes planipes 
(Wakeham and Canuel, 1986), which included cholesta-3,5-diene and cholesta-2,4-diene. Fecal pellets 
collected from these crabs contained sterenes at a much lower concentration than in the crabs 
themselves. Wakeham and Canuel theorized that the sterenes found in the pelagic crabs originated 
from water column particles ingested by the crustaceans; however, there might be another possibility. 
Pleuroncodes planipes undergoes vertical migration during its pelagic stage, just like krill (Boyd, 1967). 
Perhaps the sterenes detected in these crabs were derived from sediment detritus instead of the water 
column. This would explain why the sterene distribution was more akin to that of the surface sediment 
cited in other manuscripts (i.e. Gagosian and Farrington, 1978) than the sediment trap or water column 
samples.  
A paper examined estimates of the zooplankton abundance, specifically krill aggregates, near 
the sediment surface in the Spitsbergen fjords using video recordings and benthic trawls (Deja et al., 
2019). Observations revealed large aggregates of krill, most of which were T. inermis, near the bottom 
exhibiting one of three separate types of diving behaviors that subsequently resuspended surface 
sediment. Thysanoessa longicaudata, T. raschii and Meganyctiphanes norvegica were also present, 
though at much lower abundances. Most (nine of eleven) large krill aggregations were recorded at 
shallow stations (60-100m deep). The authors hypothesized that the diving behavior most likely served 
as a method of predator evasion, or as a method for stirring up organic matter for feeding. Additionally, 
the authors state that no aggregates were observed during the winter, which lines up with our 
speculation. It is possible that the salinity and temperature distribution at the more shallow stations in 
the Spitsbergen fjords does not preclude T. inermis occupation whereas similar physical oceanographic 
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characteristics in the Bering Sea do, as could be suggested by Pinchuk and Coyle(2008) and Bi et al., 
2015. To the authors’ speculation, one way for them to distinguish this behavior as a feeding strategy, as 
opposed to predator-avoidance behavior, might be to test for the cholesta-3,5-diene sterene in some of 
the T. inermis that they collected.   
Future work could include stable isotope measurements could be made on sediment and krill-
based sterenes to trace their origin and determine where they fall into the food web. It may provide 
new information to more accurately determine the trophic level at which to place T. raschii and other 
crustaceans that take advantage of seafloor detritus. Examination of maximum range and depths of 
vertical migration undertaken by T. inermis and T. raschii in the Bering Sea with concurrent 
measurements of temperature and salinity could clarify whether physical and/or biological limitations 
prevent T. inermis from utilizing sedimentary detritus, or if their lipid stores, and surrounding water 
column plankton, are sufficient to survive food scarcity. 
 If, as suggested by Moran et al. (2012), there is a shift in planktonic community from lipid-rich 
diatoms to smaller autotrophic organisms, with less export to the benthos after ice blooms, then T. 
raschii may lose some of that sedimentary detritus as a food reserve during the cold months, assuming 
feeding by resident benthic organisms depletes a greater percentage of fresh detritus during the spring 
and summer months. 
 
CONCLUSIONS 
 A strong case for sterene hydrocarbons as markers for detrital feeding in crustaceans is 
presented in this chapter. Specifically, cholesta-3,5-diene, an intermediary product of microbial 
degradation of precursor sterols to steranes. This compound was present in surface sediment and 
known detrital feeders, but absent from water column particles, which suggests its potential utility as a 
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marker of detrital feeding in crustaceans. For zooplankton, this may include feeding directly at the 
surface sediment or slightly above the surface within a layer of resuspended sedimentary detrital 
matter. Additionally, its presence in T. raschii, but absence from T. inermis suggests that T. raschii may 
utilize detrital matter during times of short-term food scarcity or overwintering. It is possible that T. 
inermis may not vertically migrate to the bottom, or near-bottom, of the seafloor, which would render it 
unable to access sedimentary detritus. In that case, this marker may not point to differences in 
overwintering strategy between T. inermis and T. raschii, but rather further evidence of niche 
partitioning of the two species in the Bering Sea. For the future of T. raschii, if the vast extent and 
intensity of the early spring ice algal blooms decrease, it would lead to a decrease in the amount of 
organic material that reaches the seafloor and could limit one food reservoir – detrital matter – that T. 
raschii relies on to survive periods of limited food or overwintering. 
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CHAPTER 5 
 
CONCLUSIONS 
  Eupahusiids in the eastern Bering Sea utilize a number of food sources ranging from 
algae (e.g. diatoms, dinoflagellates, and prymnesiophytes) to other small zooplankton, sedimentary 
organic matter, and likely marine snow. Lipid biomarkers have been used in many marine systems to 
investigate trophic interactions and diet history throughout the food web, and this body of work 
addressed the application of dietary lipids in polar and sub-polar krill. Shipboard experiments focused on 
Thysanoessa raschii feeding at natural concentrations of algae in the Bering Sea followed by a period of 
starvation to examine the potential of lipids such as fatty acids and sterols as tracers. The second and 
third chapters primarily examined the retention of sterol and fatty acid biomarkers after feeding, and 
the intact lipids to which they were bound.. The fourth chapter identified the potential application of 
sterenes as a specific intermediate of degradation to trace detrital feeding. 
  Shipboard incubation results showed that major diatom sterols (24-methylenecholesterol and 
desmosterol), as well as the 16:1(n-7), 20:5(n-3), and 22:6(n-3) fatty acids, point to consumption of ice 
algae as well as  pelagic diatoms as  prey items for krill during the late spring and early summer, 
respectively. Consumption of smaller algae whose abundance increases with the progression of the 
summer season was evident in early summer krill. This shift in prey was seen through low-abundance 
lipids  such as the C28:8(n-3) fatty acid as a marker for some species of prymnesiophytes, and for 
heterotrophic dinoflagellates via the sterol cholesta-5,7,22-triene-3β-ol.  An important finding was that 
sterols and fatty acids are retained following each of the two pulsed-feeding experiments. Persistence of 
biomarkers in T. raschii over multi-week periods of starvation, as occurred in these two experiments, 
suggests that the lipid profile of T. raschii sampled in the field reflects the integration of the dietary 
103 
 
signal over weeks or more. The stable ratios of saturated (SFA) to monounsaturated (MUFA) to 
polyunsaturated fatty acids (PUFA) throughout the course of each individual experiment, suggests that 
even during starvation there is physiological priority to maintain specific levels of unsaturation. 
  Analysis of the structural arrangement of dietary fatty acids found them incorporated into intact 
phospholipids and glycerides, the most abundant lipid classes in T. raschii. phosphatidylcholine – an 
intact lipid responsible for structural integrity of cell membranes, and to a lesser degree, energy storage 
– was the most abundant subclass.  Phosphatidylethanolamine and phosphatidylserine, lipids known for 
their role in immune response and gill health in other crustaceans, were also present in lower 
concentrations. The abundance of polyunsaturated fatty acids at the sn2 stereochemical position, which 
is the more metabolically bioavailable than the sn1 position, suggests that krill rely heavily on PUFAs 
when rapid mobilization is needed.  One of the other important observations was that the combinations 
of fatty acids on the glycerol backbone of intact lipids were mostly mixed. Mixed acyl groups on 
structural phospholipids may be ecologically advantageous for T. raschii given the need to maintain 
membrane fluidity surviving the cold temperatures in which T. raschii resides. 
 Thysanoessa raschii are reproductively active beginning in the late spring season and into the 
summer after which they begin to accumulate lipid for the overwintering season.  Highly unsaturated 
fatty acids largely stemming from diatoms are incorporated into phospholipids, specifically 
phosphatidylcholine, and shunted into the sn2 position, where fatty acids are the most bioavailable 
along the glycerol backbone. It has already been established that PUFAs are important for reproduction, 
and in other omnivorous krill, like E. pacifica, phospholipids are preferentially transferred into eggs (Ju 
et al., 2009). Work here shows that not only are PUFAs abundant in phospholipids, but they are also 
bound to positions that are readily accessible within the molecules.  
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 In addition to dietary consequence of water column feeding and incorporation, this thesis makes 
a strong case for steroidal hydrocarbons as markers for detrital feeding. The sterene cholesta-3,5-diene, 
which is an intermediary product of microbial degradation of sterols appears to be incorporated readily 
by krill feeding near the sediment interface. The observation of its presence in T. raschii, but absence 
from T. inermis, may indicate a differential strategy for surviving periods of food scarcity and 
overwintering, but also supports that niche partitioning occurs in the Bering Sea between the two 
species. In terms of the future of T. raschii, if the vast extent and intensity of the early spring ice algal 
blooms decrease, it would likely lead to a decrease in the amount of organic material that reaches the 
seafloor and could limit the reservoir of detrital matter that T. raschii utilizes.  
 There are a number of new aspects of krill overwintering and sterene presence in other 
organisms that can shed light on the importance of detrital organic matter to organisms that are not 
bound to the benthos. Zooplankton crustaceans that are known to dwell near the surface level could be 
analyzed for cholesta-3,5-diene to build on this body of proof that it could be used as a marker of 
detrital feeding. Determining a way to quantify the contribution of organic detritus to the diet of T. 
raschii and other benthic-feeding zooplankton throughout each season could fill in gaps in the oceanic 
carbon cycle. In the same vein, future studies could look at the 13C sterene, which could be used in 
determine its rate of production and the trophic level of T. raschii, and other benthic-feeding plankton. 
Finally, for the microbial community responsible for the detrital recycling, one could also ask what 
type(s) of bacteria is(are) responsible for the conversion of cholesterol to cholesta-3,5-diene, and what 
are controls over their activity. Their identification and examination of the mechanism they use to 
convert cholesterol to cholesta-3,5-diene could help to narrow down the time scale and determine how 
an increase in temperature would affect the metabolism, an aspect we should be wary of as the oceans 
warm and seasonal and annual ice coverage decreases. 
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 In the era of rapidly changing climate, the use of lipid biomarkers can play an important role in 
monitoring changes in the lipid content and distribution of krill. Already known as indicators of potential 
reproductive success and nutritional value for predators, the results of this thesis also demonstrate 
biomarkers serve as measures of long-term diet and exploitation of new food sources. Changing 
phytoplankton abundances with communities shifting toward smaller-celled organisms that contain 
fewer PUFAs, could impact reproductive success of eggs, and decrease survival of larval krill that do not 
survive as well under a dinoflagellate diet as a diatom diet. As the temperatures, salinity, and food 
resources for euphausiids in the Bering and Chukchi Seas change, lipids can hint to the physiological and 
chemical adaptations they make to adjust.   
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Appendix B: Total fatty acid concentration and percent composition of individual fatty acids in particle 
samples (shaded columns) and all krill sub-samples taken throughout the late spring experiment. Fatty 
acids seen in both the water column and krill samples are in bold. \ = absent or below detection limits; tr 
= Trace (Relative abundance <0.1%); *inclusion of multiple isomers. Fatty acids present in trace 
abundance in particles only were excluded for brevity and include C12:0n, C13:0i, C13:0a, C13:0n, 
C14:0a, C23:0n, and C26:0n. 
 
Fatty Acids                             
(Late Spring) 
LSp-I LSp-T0 LSp-T1 LSp-P LSp-T2 LSp-T3 LSp-T4 LSp-Tf 
Day 0 Day 0 Day 6 
Day 10 
Day 10 Day 17 Day 24 Day 31 
(post T1) 
Saturated FA (SFA) 
C12:0n 0.1 \ \ tr \ \ \ \ 
C14:0i 0.7 \ \ tr \ \ \ tr 
C14:0n 6.5 5.7 5.7 9.2 4.4 5.2 5.7 5.3 
C15:0i 0.5 tr tr 0.5 tr tr tr tr 
C15:0a 0.3 tr tr 0.3 \ tr tr tr 
C15:0n 0.5 0.2 0.2 0.7 0.2 0.2 0.2 0.3 
C16:0i 0.3 tr tr 0.3 tr tr tr tr 
C16:0n 13.3 23.4 21.8 18.4 21.4 22.7 24.3 25.1 
C17:0i 0.1 tr tr 0.2 tr tr tr tr 
C17:0a tr tr tr tr tr tr tr tr 
C17:0n 0.3 tr tr 0.1 tr tr tr tr 
C18:0i \ \ \ \ \ tr \ tr 
C18:0n 4.8 1.7 1.4 1.4 1.7 1.5 1.7 2 
C20:0 (methylphytanate) 0.2 \ \ tr \ \ \ \ 
C20:0n 0.2 tr tr 0.1 tr tr tr tr 
C22:0n 0.3 \ \ tr \ \ \ \ 
C24:0n tr \ \ tr \ \ tr tr 
Monounaturated FA (MUFA)                 
C14:1* 0.1 tr tr 0.2 tr tr tr tr 
C15:1* 0.5 tr tr 0.8 tr tr tr tr 
C16:1 (n-7) 12.0 21.3 23 33.3 20.7 18.7 19.4 12.6 
C16:1* 1.5 0.4 0.4 1.5 0.4 0.4 0.4 0.4 
C17:1* 0.2 0.1 0.1 0.4 0.1 0.2 0.2 0.2 
C18:1 (n-9) 3.1 8.7 7.7 3.4 7.5 9.5 9 11.4 
C18:1 (n-7) 3.1 9 8.4 2.6 9.8 9.4 9 8.4 
C18:1* \ 0.2 0.2 \ 0.3 0.3 0.2 0.2 
C19:1* 0.1 tr tr 0.1 tr tr tr tr 
C20:1 (n-5) 1.5 tr tr 0.2 0.1 0.5 tr 0.9 
C20:1* 0.9 0.8 0.8 0.6 0.8 0.5 1 0.6 
C22:1* 1.3 0.2 0.2 0.4 \ 0.5 0.1 0.4 
C24:1 (n-9) 0.2 \ \ tr \ \ \ tr 
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Appendix B continued 
 
Fatty Acids                             
(Late Spring) 
LSp-I LSp-T0 LSp-T1 LSp-P LSp-T2 LSp-T3 LSp-T4 LSp-Tf 
Day 0 Day 0 Day 6 
Day 10 
(post T1) 
Day 10 Day 17 Day 24 Day 31 
C24:1* \ tr tr \ 0.1 0.2 0.1 0.2 
Polyunsaturated FA (PUFA)                 
C16:2* 0.7 1.3 1.4 1.3 1.5 1.5 1.4 1.4 
C16:3 (n-1) 0.5 tr tr 0.9 \ tr tr tr 
C16:3 0.1 \ \ tr \ \ \ \ 
C16:4 (n-3) 0.7 0.2 0.2 1.2 0.1 0.2 0.2 0.3 
C17:2 0.2 tr tr tr \ tr tr tr 
C18:2 (n-6) 2.0 0.4 0.4 1.2 0.5 0.5 0.4 0.5 
C18:2* 0.7 0.4 0.7 0.4 0.7 0.4 0.6 0.4 
C18:3 (n-6) 4.3 0.1 0.1 0.5 0.1 tr 0.1 tr 
C18:3 2.2 \ \ 2.6 \ \ \ \ 
C18:4 (n-3) 5.8 0.5 0.4 1.9 0.3 0.4 0.4 0.6 
C18:4 (n-6) \ tr tr \ tr tr tr tr 
C19:2 \ tr tr \ tr tr tr tr 
C20:2 (n-6) 0.3 \ \ tr \ \ \ \ 
C20:2* \ 0.2 0.2 \ 0.3 0.3 0.2 0.1 
C20:3 (n-6) 0.4 tr 0.16 0.2 0.1 0.1 0.1 0.1 
C20:4 (n-3) 0.6 0.2 0.3 0.5 0.2 0.2 0.2 0.2 
C20:4 (n-6) 1.1 0.3 0.4 0.1 0.6 0.5 0.5 0.5 
C20:5 (n-3) 14.3 17.7 18.2 10.4 19.5 17.4 17.4 18 
C20:5 \ \ \ \ \ 0.2 \ 0.2 
C21:4 \ tr tr \ tr tr tr 0.3 
C21:5 0.2 0.3 0.3 0.1 0.3 0.3 0.3 tr 
C22:5* \ 0.4 0.4 \ 0.4 0.4 0.3 0.5 
C22:6 (n-3) 12.8 5.5 6.1 3.0 7.6 7.2 5.8 7.6 
C22:6 \ tr tr \ tr tr tr 0.3 
                  
SFA 28.5 31.3 29.4 32.1 27.9 29.9 32.2 33.0 
MUFA 24.7 41.0 41.0 43.4 39.9 40.2 39.7 35.6 
PUFA 46.8 27.7 29.6 24.5 32.2 29.9 28.1 31.4 
                  
Krill FA Conc  (mg FA/g WW) 
39.6 
23.6 21.3 
89.2 
14.1 23.3 21.6 20.9 
Particle FA Conc (mg FA/g OC) 
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Appendix C: Total fatty acid concentration and percent composition of individual fatty acids in particle 
samples (shaded columns) and all krill sub-samples taken throughout the early summer experiment. 
Fatty acids seen in both the water column and krill samples are in bold. \ = absent or below detection 
limits; tr = Trace (Relative abundance <0.1%); *inclusion of multiple isomers. Fatty acids present in trace 
abundance in particles only were excluded for brevity and include C12:0n, C13:0i, C14:0a, C26:0n, and 
C26:1. 
 
Fatty Acids                                    
(Early Summer) 
ESu-I ESu-T0 ESu-T1 ESu-P ESu-T2 ESu-T3 ESu-T4 ESu-Tf 
Day 0 Day 0 Day 5 
Day 5  
(post T1) 
Day 9 Day 12 Day 16 Day 19 
Saturated FA (SFA) 
C12:0n tr tr tr 0.1 tr tr 0.1 tr 
C13:0n tr tr tr 0.4 \ tr tr tr 
C14:0i 0.1 tr tr 0.3 tr tr tr tr 
C14:0n 10.1 6.6 6.5 14.7 6.2 6.0 6.4 6.3 
C15:0i 0.2 tr tr 0.4 tr tr tr tr 
C15:0a 0.2 tr tr 0.3 tr tr tr tr 
C15:0n 0.5 0.3 0.3 0.8 0.2 0.3 0.3 0.3 
C16:0i 0.4 tr tr 0.3 tr \ tr tr 
C16:0n 15.2 27.7 27.3 21.1 29.3 29.1 26.9 27.1 
C17:0i tr tr tr 0.2 tr tr tr tr 
C17:0a tr tr tr tr tr tr tr tr 
C17:0n tr tr tr 0.2 tr tr tr tr 
C18:0i \ tr 0.1 \ 0.1 0.1 0.1 0.1 
C18:0n 1.1 1.9 1.9 3.1 2 2.1 2.3 2.2 
C20:0 (methylphytanate) tr tr tr tr tr tr tr tr 
C20:0n 0.1 tr tr \ tr tr 0.1 tr 
C22:0n tr tr 0.2 0.1 tr tr tr tr 
C23:0n tr tr tr tr \ tr tr tr 
C24:0n tr tr tr tr tr tr tr tr 
Monounsaturated FA (MUFA)  
C14:1* 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 
C15:1* 0.4 tr tr 0.9 tr tr tr tr 
C16:1 (n-7) 41.7 15.6 14.9 35.6 13.8 13.4 13.6 12.7 
C16:1* 2.4 0.6 0.7 2.4 0.7 0.7 0.7 0.7 
C17:1* 0.1 0.1 0.2 0.3 tr 0.1 0.2 0.2 
C18:1 (n-9) 1.4 11.2 10.9 1.4 12 13 11.5 11.6 
C18:1 (n-7) 2.2 8.6 8.4 3.3 9.3 9.3 9 9.6 
C18:1* \ 0.3 0.3 \ 0.4 0.4 0.3 0.4 
C19:1* tr tr tr 0.1 tr tr tr tr 
C20:1 (n-5) 0.2 tr tr 0.2 tr 0.1 tr 0.1 
C20:1* 0.5 1.1 1.4 0.5 1.2 1.2 1.3 1.5 
C22:1* 0.2 0.6 tr 0.6 0.5 0.6 0.7 0.8 
C23:1* \ tr tr \ tr tr tr tr 
C24:1 (n-9) tr 0.2 0.2 tr 0.1 0.2 0.2 0.2 
C24:1* \ tr tr \ 0.1 tr 0.1 tr 
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Fatty Acids                                    
(Early Summer) 
ESu-I ESu-T0 ESu-T1 ESu-P ESu-T2 ESu-T3 ESu-T4 ESu-Tf 
Day 0 Day 0 Day 5 
Day 5  
(post T1) 
Day 9 Day 12 Day 16 Day 19 
Polyunsaturated FA (PUFA) 
C16:2* 1.4 1.9 2.2 2.7 2.2 2.4 2.3 2.3 
C16:3 (n-1) 1.1 tr tr 0.4 tr tr tr tr 
C16:3 tr tr tr tr \ tr tr tr 
C16:4 (n-3) 2.5 0.2 0.3 0.7 0.1 0.1 0.2 0.2 
C17:2* 0.1 tr tr tr tr tr tr tr 
C17:3 \ tr tr \ tr tr tr tr 
C18:2 (n-6) 0.7 0.8 0.8 1.5 0.7 0.7 0.9 1 
C18:2* 0.2 0.3 0.5 0.3 0.5 0.5 0.4 0.4 
C18:3 (n-6) 0.5 0.1 0.1 0.3 0.1 0.1 0.1 0.1 
C18:3 0.7 tr tr 0.8 tr tr tr tr 
C18:4 (n-3) 1.9 0.7 0.7 0.9 0.6 0.5 0.6 0.6 
C18:4 (n-6) \ tr tr \ tr tr tr tr 
C19:2 \ tr tr \ \ \ \ \ 
C20:2 (n-6) 0.1 \ \ 0.1 \ \ \ \ 
C20:2* \ 0.3 0.3 \ 0.3 0.3 0.3 0.3 
C20:3 (n-6) 0.2 0.3 0.3 tr \ \ \ \ 
C20:4 (n-3) 0.4 0.4 0.3 \ 0.3 0.3 0.4 0.4 
C20:4 (n-6) 0.2 0.2 0.2 3.3 0.2 0.2 0.2 0.2 
C20:4 \ tr tr \ tr tr tr tr 
C20:5 (n-3) 9.6 15.9 16.5 0.2 14.9 14.6 16.7 16 
C20:5 \ tr tr \ tr tr tr tr 
C21:4 \ tr tr \ tr tr tr tr 
C21:5 tr 0.1 0.2 \ 0.1 0.1 0.1 0.2 
C22:2* \ \ 0.3 \ tr tr tr tr 
C22:3 \ tr tr \ 0.1 tr tr tr 
C22:5* \ 0.4 0.4 \ 0.5 0.4 0.5 0.4 
C22:6 (n-3) 2.4 2.3 2.5 0.4 2.2 2 2.2 2.7 
C22:6 \ tr tr \ tr tr tr tr 
C28:8 tr tr tr \ \ tr tr tr 
   
SFA 28.5 37.2 36.8 42.4 38.4 38.1 36.8 36.7 
MUFA 49.4 38.6 37.3 45.7 38.5 39.4 37.9 38.2 
PUFA 22.1 24.2 25.9 11.8 23.1 22.5 25.3 25.1 
  
Krill FA Conc  (mg FA/g WW) 
202.2 
80.6 68.5 
84.8 
54 78.9 70.1 57.2 
Particle FA Conc (mg FA/g OC) 
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Appendix D: Search parameters for each section of the Lipid Search software for both samples and 
calibrations run in either positive or negative ion mode 
 
 
 Ion Mode 
 Positive Negative 
Identification 
Target Database General General 
RT Inverval (min) 0.0 0.0 
Search Type Product Product 
Precursor Tool (ppm) 4.0 10.0 
Product Tool (Da) 0.5 0.5 
Merge Range (min) 2.0 2.0 
Min Peak Width (min) 0.0 0.0 
Parent Ion 0.01 0.01 
Intensity 1.0 (product) 1.0 (product) 
Quantitation 
Mz tolerance (ppm) -5.0 to +5.0 -5.0 to +5.0 
Rt range (min) -1.0 to 1.0 -1.0 to 1.0 
Filters 
Toprank filter On On 
Main node filter Main isomer peak Main isomer peak 
m-score Threshold (Display) 5.0 5.0 
c-score Threshold (Display) 2.0 2.0 
FA Priority On On 
ID Quality filter A, B, C, and D A, B, C, and D 
Target Class 
P-Choline LPC, PC LPC, PC 
P-Ethanol Amine LPE, PE LPE, PE 
P-Serine LPS, PS LPS, PS 
P-Glycerol LPG, PG LPG, PG 
P-Inositol LPI, PI LPI, PI 
P-Acid LPA, PA LPA, PA 
Sphingolipids SM SM 
Neutral glycerolipid MG, DG, TG MG, DG, TG 
Fatty Acid FA FA 
Glycosphingolipids Cer Cer 
Ion 
Negative -H, +HCOO, +CH3COO, -2H -H, +HCOO, +CH3COO, -2H 
Positive +H, +NH4, +Na +H, +NH4, +Na 
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Appendix E: Alignment parameters in Lipid Search software for alignment within a batch (calibration 
standards or late spring krill or early summer krill samples) 
 
 
Alignment Parameters 
Search Type Product 
Experiment Type LC 
Normalize Type None 
Alignment Method Mean 
R.T. Tolerance 0.5 
Calculate unassigned peak area On 
Filter Type New Filter 
Toprank Filter On 
Main Node Filter All isomer peaks 
m-score Threshold 5.0 
c-score Threshold 2.0 
ID Quality filter [A, B, C, D] 
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Appendix F: List of compounds identified in Lipid Search, excluding those eliminated by a software filter 
or combined during compound alignment for the Late Spring (LSp) experiment.  
*refers to compounds that overlap between the LSp and ESu experiments; bql = below quantification 
limit   
 
 
Lipid Concentration in Late Spring (LSp) Krill (mg lipid / g wet weight) 
Intact Lipid LSp-T0 LSp-T1 LSp-T2 LSp-T3 LSp-T4 LSp-Tf 
PC(14:0/20:5) 0.41 0.36 0.37 0.50 0.38 0.58 
PC(16:0/16:1)* 3.51 1.98 1.42 2.92 2.37 2.12 
PC(16:0/18:1)* 3.70 1.97 1.83 2.82 2.84 2.85 
PC(16:0/20:4) 0.07 0.03 0.04 0.07 0.07 0.3 
PC(16:0/20:5)* 7.76 5.75 4.42 6.25 6.35 6.16 
PC(16:0/22:6)* 1.56 1.24 1.11 1.69 1.29 1.53 
PC(16:1/14:0)* 0.40 0.25 0.14 0.31 0.15 0.13 
PC(16:1/16:1)* 2.17 1.32 0.55 1.13 0.59 0.32 
PC(16:1/18:1)* 2.43 1.18 0.92 1.75 1.29 1.2 
PC(16:1/18:2) 0.07 0.02 0.03 0.04 0.03 0.04 
PC(16:1/20:5)* 2.20 1.19 0.74 0.90 0.82 0.57 
PC(16:1/22:6) 0.03 0.02 0.01 0.03 0.03 0.02 
PC(18:0/20:5) 0.90 0.51 0.41 0.59 0.63 0.88 
PC(18:1/18:1)* 1.04 0.68 0.5 0.93 0.75 0.92 
PC(18:1/20:5)* 3.30 1.79 1.74 2.77 2.49 2.39 
PC(18:1/22:6)* 0.58 0.44 0.38 0.83 0.44 0.55 
PC(18:4/16:0)* 0.45 0.26 0.14 0.23 0.28 0.40 
PC(20:0/20:5) 0.05 0.16 0.04 0.05 0.12 0.04 
PC(20:0/22:6) 0.06 0.17 0.04 0.05 0.13 0.07 
PC(20:1/18:1)* 0.10 0.08 0.05 0.13 0.07 0.11 
PC(20:1/20:5)* 0.04 0.01 0.01 0.05 0.05 0.11 
PC(20:5/20:5)* 0.91 0.71 0.35 0.62 0.68 0.62 
PC(20:5/22:1)* 0.16 0.14 0.07 0.24 0.17 0.29 
PC(20:5/22:6)* 0.37 0.35 0.29 0.47 0.33 0.39 
PC(24:1/20:5)* 0.04 0.03 0.02 0.04 0.05 0.07 
PE(16:0/20:5)* bql 0.05 0.04 0.02 bql 0.07 
PE(16:0/22:6)* 0.25 0.30 0.11 0.50 0.30 1.22 
PE(16:1/18:0) 0.33 0.15 bql 0.50 0.31 0.83 
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Appendix F continued 
       
Lipid Concentration in Late Spring (LSp) Krill (mg lipid / g wet weight) 
Intact Lipid LSp-T0 LSp-T1 LSp-T2 LSp-T3 LSp-T4 LSp-Tf 
PE(16:1/20:5) 0.04 0.08 bql bql bql bql 
PE(16:1/22:6)* 0.05 0.07 0.02 0.01 bql bql 
PE(18:0/20:5)* 0.13 0.10 0.06 0.10 0.03 0.06 
PE(18:0/22:6)* 0.09 0.16 0.18 0.14 0.04 0.14 
PE(20:5/20:5)* 0.13 0.17 0.04 0.08 0.10 0.04 
PE(18:1/22:6)* 1.86 1.66 1.06 1.67 1.24 1.52 
PE(22:6/20:5) 0.81 0.82 0.64 0.79 0.64 0.79 
PE(22:6/22:6)* 0.10 0.21 0.11 0.13 0.04 0.11 
PS(16:0/20:5) 0.13 0.07 0.09 0.09 0.07 0.10 
PS(18:1/20:5) 0.04 0.06 0.10 0.06 0.04 0.09 
PS(20:5/22:6)* 0.08 0.12 0.12 0.17 0.14 0.17 
PS(22:6/22:6)* 0.16 0.30 0.17 0.30 0.26 0.32 
DG(16:1/14:0)* 0.10 0.10 0.05 0.07 0.06 0.05 
DG(16:1/16:1)* 0.17 0.15 0.11 0.12 0.13 0.08 
DG(16:0/16:1) 0.23 0.27 0.14 0.23 0.25 0.25 
DG(16:1/18:1)* 0.32 0.25 0.18 0.25 0.22 0.16 
DG(16:0/18:1)* 0.33 0.25 0.21 0.38 0.35 0.51 
DG(16:1/20:5)* 0.22 0.09 0.08 0.13 0.25 0.06 
DG(16:0/20:5)* 0.70 0.36 0.54 0.71 0.52 0.55 
DG(18:1/18:1)* 0.16 0.12 0.07 0.15 0.06 0.20 
DG(18:1/20:5)* 1.04 0.44 0.48 0.85 0.79 0.69 
DG(20:5/20:5)* 0.44 0.19 0.17 0.41 0.59 0.46 
DG(18:1/22:6)* 0.32 0.20 0.33 0.36 0.29 0.26 
DG(20:5/22:6)* 0.11 0.07 0.14 0.19 0.15 0.16 
TG(16:1/12:0/16:1)* 0.05 0.09 0.01 0.03 0.01 bql 
TG(16:1/14:0/14:0)* 1.13 0.68 0.50 0.73 0.74 0.64 
TG(14:0/14:1/18:3) bql 0.01 bql bql bql bql 
TG(16:1/16:2/14:0)* 0.42 0.36 0.18 0.29 0.15 bql 
TG(18:4/14:1/16:1)* bql 0.05 bql bql bql bql 
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Appendix F continued 
       
Lipid Concentration in Late Spring (LSp) Krill (mg lipid / g wet weight) 
Intact Lipid LSp-T0 LSp-T1 LSp-T2 LSp-T3 LSp-T4 LSp-Tf 
TG(18:4/14:0/16:1) 0.26 0.19 bql 0.21 0.14 0.24 
TG(18:4/14:0/16:0)* 0.22 0.22 0.10 0.18 0.18 0.30 
TG(16:0/14:0/20:5) 0.26 0.31 0.17 0.33 0.23 0.64 
TG(20:5/20:5/14:0)* bql bql bql bql bql bql 
TG(20:5/20:5/20:5) bql bql bql bql bql bql 
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Appendix G: List of compounds identified in Lipid Search, excluding those eliminated by a software filter 
or combined during compound alignment for the Early Summer (ESu) experiment.  
*refers to compounds that overlap between the LSp and ESu experiments; bql = below quantification 
limit   
 
 
Lipid Concentration in Early Summer (ESu) Krill (mg lipid / g wet weight) 
Intact Lipid ESu-T0 ESu-T1 ESu-T2 ESu-T3 ESu-T4 ESu-Tf 
PC(16:1/14:0)* 0.61 0.57 0.36 0.68 0.38 0.33 
PC(18:4/14:0) 0.07 0.03 0.06 0.07 0.08 0.05 
PC(16:1/16:1)* 1.94 1.42 1.14 1.71 1.06 0.72 
PC(16:0/16:1)* 5.51 5.21 5.13 7.95 4.83 4.50 
PC(18:4/16:1) 0.68 0.55 0.55 0.41 0.36 0.34 
PC(18:4/16:0)* 2.73 2.49 2.16 2.71 2.05 1.47 
PC(16:0/18:3) 0.45 0.48 0.33 0.59 0.34 0.36 
PC(16:1/18:1)* 4.84 4.06 4.12 7.13 4.06 3.68 
PC(16:0/18:1)* 5.87 6.01 6.82 7.48 5.10 5.00 
PC(16:0/20:5)* 33.82 30.48 23.95 33.83 30.59 22.84 
PC(16:1/20:5)* 4.35 3.87 3.19 4.46 3.96 2.55 
PC(18:2/18:2) 0.12 0.07 0.06 0.10 0.08 0.08 
PC(18:1/18:2) 1.23 1.08 1.04 1.16 0.97 0.95 
PC(18:1/18:1)* 3.54 3.01 2.48 4.93 2.57 2.56 
PC(18:0/18:1) 0.36 0.34 0.26 0.49 0.34 0.28 
PC(18:4/20:5) 0.06 0.04 0.05 0.06 0.06 0.04 
PC(20:5/18:2) 0.53 0.54 0.38 0.52 0.48 0.38 
PC(18:1/20:5)* 10.49 10.09 7.76 11.05 9.43 7.20 
PC(16:0/22:6)* 5.42 5.97 4.75 7.71 6.48 4.49 
PC(16:0/22:5) 4.98 3.39 3.13 4.77 4.80 3.24 
PC(20:1/18:1)* 0.44 0.45 0.28 0.58 0.43 0.36 
PC(20:5/20:5)* 2.95 3.38 1.95 2.46 2.81 1.90 
PC(18:1/22:6)* 3.79 3.97 2.79 4.29 2.92 2.61 
PC(20:1/20:5)* 1.78 2.02 1.43 2.02 1.58 1.41 
PC(18:1/22:1) 0.06 0.06 0.05 0.06 0.07 0.04 
PC(20:5/22:6)* 1.35 1.52 0.95 1.26 1.20 0.95 
PC(20:5/22:1)* 1.58 1.55 1.07 1.64 1.19 1.03 
PC(24:1/20:5)* 0.85 0.76 0.52 0.85 0.71 0.82 
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Appendix G continued 
 
       
Lipid Concentration in Early Summer (ESu) Krill (mg lipid / g wet weight) 
Intact Lipid ESu-T0 ESu-T1 ESu-T2 ESu-T3 ESu-T4 ESu-Tf 
PE(16:0/20:5)* bql 0.01 bql bql bql bql 
PE(20:5/16:1) 0.05 0.04 bql bql bql bql 
PE(20:5/16:0) 2.31 2.34 1.40 1.70 1.78 1.59 
PE(16:1/20:1) 1.27 0.86 0.65 0.92 0.65 0.62 
PE(18:0/20:5)* 0.27 0.32 0.23 0.11 0 0.24 
PE(18:0/22:6)* 0.13 0.17 0.04 0.05 0.07 0.11 
PE(18:1/20:5) 4.67 4.4 3.07 4.26 3.5 2.89 
PE(18:1/22:6)* 4.24 4.2 2.83 4.42 3.56 3.22 
PE(18:4/20:1) 0.11 0.07 5.16 0.03 0.07 0 
PE(20:5/16:0) 2.31 2.34 1.4 1.7 1.78 1.59 
PE(20:5/16:1) 0.05 0.04 0 0 0 0 
PE(20:5/20:5)* 0.45 0.57 0.26 0.32 0.3 0.3 
PE(22:6/22:6)* 0.12 0.23 0.03 0.01 0 0.07 
PS(20:5/22:6)* 0.12 0.2 0.12 0.19 0.14 0.15 
PS(22:6/22:6)* 0.24 0.45 0.18 0.41 0.31 0.42 
DG(16:0/18:1)* 1.15 1.53 1.32 1.81 1.6 1.21 
DG(16:0/20:5)* 0.25 3.13 1.9 3.67 2.87 2.21 
DG(16:1/14:0)* 0.16 0.26 0.12 0.13 0.19 0.2 
DG(16:1/16:1)* 0.3 0.34 0.2 0.3 0.24 0.09 
DG(16:1/18:1)* 0.8 1.04 0.75 1.18 0.94 0.45 
DG(16:1/20:5)* 1.69 1.43 0.98 1.63 1.43 0.9 
DG(18:0/20:5) 0.49 0.33 0.07 0.38 0.44 0.24 
DG(18:1/14:0) 0.6 0.84 0.67 0.79 0.8 0.76 
DG(18:1/18:1)* 0.62 0.71 0.54 0.72 0.48 0.67 
DG(18:1/20:5)* 6.31 5.1 3.67 5.73 4.65 3.34 
DG(18:1/22:6)* 2.01 1.6 1.18 1.93 1.49 1.18 
DG(18:4/16:0) 0.12 0.13 0.11 0.14 0.08 0.06 
DG(18:4/20:5) 0.28 0.24 0.21 0.13 0.22 0.17 
DG(20:1/20:5) 0.49 0.45 0.32 0.55 0.47 0.28 
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Appendix G continued 
 
Lipid Concentration in Early Summer Krill (mg lipid / g wet weight) 
Intact Lipid ESu-T0 ESu-T1 ESu-T2 ESu-T3 ESu-T4 ESu-Tf 
DG(20:5/20:5)* 5.94 5.49 3.87 5.1 5.12 3.03 
DG(20:5/22:6)* 2.44 2.07 1.5 1.96 2.19 1.41 
TG(16:1/12:0/14:0) 0.11 0.11 0 0 0.04 0 
TG(16:1/12:0/16:1)* 0.77 0.65 0.38 0.54 0.55 0.38 
TG(16:1/14:0/14:0)* 4.75 3.3 3.18 4.37 4.4 3.07 
TG(16:1/14:0/16:1) 11.15 8.18 8.07 10.64 10.72 7.82 
TG(16:1/14:0/20:5)* 1.34 1.68 0.72 1.01 1.58 1.05 
TG(16:1/16:2/14:0) 0.59 0.51 0.49 0.76 0.75 0.65 
TG(18:4/14:0/14:0) 0.22 0.3 0.05 0.18 0.16 0.11 
TG(18:4/14:0/14:1) 0.14 0.27 bql bql 0.05 0.07 
TG(18:4/14:0/16:0)* 2.65 2.74 2.07 1.57 2.57 2.28 
TG(18:4/14:1/16:1)* 0.23 0.13 bql bql bql bql 
TG(20:5/20:5/14:0)* bql bql bql bql bql bql 
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Appendix H: Intact lipids detected in the Late Spring (LSp) and Early Summer (ESu) experiments are 
enumerated in the table. Compounds are grouped by their class or subclass and further categorized by 
the fatty acid combinations within each intact lipid. ‘Mixed’ refers to a combination of SFA, MUFA, 
and/or PUFA. ‘Mono’ and ‘Poly’ refer to compounds homogenously comprised of MUFA and PUFA, 
respectively; none of the compounds contained all SFA. This table summarizes the total number of 
compounds detected in either experiment and notes the number of compounds common to both. 
 
 
Summary of Fatty Acid Combinations in Intact Lipids 
  
LSp Both Esu 
PC 
Total 25 18 28 
Mixed 19 12 18 
MUFA 4 4 5 
PUFA 2 2 5 
PE 
Total 11 8 13 
Mixed 8 6 10 
MUFA 0 0 1 
PUFA 3 2 2 
PS 
Total 4 2 2 
Mixed 2 0 0 
MUFA 0 0 0 
PUFA 2 2 2 
DG 
Total 12 11 16 
Mixed 7 6 10 
MUFA 3 3 3 
PUFA 2 2 3 
TG 
Total 10 6 11 
Mixed 3 1 3 
2 SFA, 1 MUFA 1 1 2 
2 SFA, 1 PUFA 2 1 2 
2 MUFA, 1 SFA 1 1 2 
2 MUFA,1 PUFA 1 1 1 
2 PUFA, 1 SFA 1 1 1 
MUFA 0 0 0 
PUFA 1 0 0 
All 
Total 62 45 70 
Mixed 45 30 50 
MUFA 7 7 9 
PUFA 10 8 12 
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